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Abstract
Artificial Magnetic Materials (AMMs) are a subgroup of metamaterials which
are engineered to provide desirable magnetic properties not seen in natural materi-
als. These artificial structures are designed to provide either negative or enhanced
positive (higher than one) relative permeability. AMMs with negative permeability
are used to develop Single Negative (SNG), or Double Negative (DNG) metama-
terials. AMMs with enhanced positive permeability are used to provide magneto-
dielectric materials at microwave frequencies where the natural magnetic materials
fail to work efficiently. AMMs are realized by embedding metallic resonators in a
host dielectric. These inclusions provide desirable magnetic properties near their
resonance frequency.
Artificial magnetic materials used as SNG, or DNG have many applications such
as: sub-wavelength cavity resonators, sub-wavelength parallel-plate wave guides,
sub-wavelength cylindrical and spherical coreshell systems, efficient electrically small
dipole antennas, super lenses, THz active devices, sensitivity enhancement near-
field probes using double and single negative media, and mutual coupling reduc-
tion between antennas. On the other hand, artificial magnetic materials used as
magneto-dielectrics have other applications in developing enhanced bandwidth ef-
ficient miniaturized antennas, low profile enhanced gain antennas using artificial
magnetic superstrates, wide band woodpile Electromagnetic Band Gap (EBG)
structures, EBGs with enhanced in-phase reflection bandwidth used as artificial
magnetic ground planes.
In this thesis, several advances are added to the existing knowledge of devel-
oping artificial magnetic materials, in terms of analytical modeling, applications,
realization, and experimental characterization.
To realize AMMs with miniaturized unit cells, new inclusions based on frac-
tal Hilbert curves are introduced, and analyzed. Analytical models, numerical full
wave simulation, and experimental characterization are used to analyze, and study
the new structures. A comprehensive comparison is made between the new inclu-
sions, and perviously developed inclusions in terms of electromagnetic properties.
The new inclusions have advantages of miniaturization, and less dispersion when
compared to the existing structures in the literature.
To realize multi-band AMMs, unit cells with multiple inclusions are proposed,
designed, and analyzed. The new unit cells can be designed to give the desired
magnetic properties either over distinguished multiple frequency bands, or over a
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single wide frequency band. Numerical full wave simulation is used to verify the
proposed concept, and analytical models are provided for design, and optimization
of the new unit cells. Unit cells with different configurations are optimized to get a
wideband responce for the effective permeability. Space mapping technique is used
to provide a link between analytically optimized structures, and full wave numerical
simulation results.
Two new methods are proposed for experimental characterization of artificial
structures using microstrip, and strip line topologies. Using numerical results, the
effect of anisotropy on the accuracy of the extracted parameters are investigated,
and a fitting solution is proposed, and verified to address this challenge. New
structures based on 2nd , and 3rd order fractal Hilbert curves are fabricated, and
characterized using microstrip line, and strip line fixtures. Experimental results are
presented, and compared with numerical results. The new experimental methods
have advantages of lower cost, easier to fabricate and measure, and smaller sample
size when compared to the existing methods in the literature.
A new application is proposed for use of magnetic materials to develop wide band
artificial magnetic conductors (AMC). Analytical models, and numerical analysis is
used to validate the concept. A new ultra wideband AMC is designd, and analysed.
The designed AMC is used as the ground plane to develop a low profile high gain
ultra wide band antenna. The designed antenna is simulated, and its return loss,
and gain is presented over a wide range of frequencies.
A comprehensive study is presented on the performance of AMMs for the ap-
plication of miniaturized antennas. A miniaturized antenna, using fractal Hilbert
metamaterials as substrate, is fabricated, and measured. Measurement results are
presented, and compared with numerical results. A parametric study is presented
on the effect of the constitutive parameters of the artificial substrate on the per-
formance of the miniaturized antenna. In this study, the effect of magnetic loss of
AMM on the gain, and efficiency of the antenna, as well as the effect of dispersion
of AMM on the bandwidth of the antenna is investigated.
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Metamaterials have attracted enormous interest among electromagnetic research
groups as they provide electromagnetic properties which do not exist in natural
materials [4]–[7].
Artificial magnetic materials are a branch of metamaterials which are designed
to provide desirable magnetic properties which do not exist in natural materials.
These artificial structures are designed to provide either negative or enhanced pos-
itive (higher than one) relative permeability.
Materials with negative permeability do not exist in nature. Artificial mag-
netic materials with negative permeability can be used alone, to construct single
negative (SNG) metamaterials, or they can be used along with artificial struc-
tures providing negative permittivity, to construct double negative metamaterials
(DNG). In recent years, researchers have proposed many interesting applications
for both SNG, and DNG metamaterials. These applications include but not re-
stricted to: sub-wavelength cavity resonators and parallel-plate wave guides [8]–[10],
sub-wavelength cylindrical and spherical coreshell systems [11], resonant enhance-
ments of source-generated fields [5], efficient electrically small dipole antennas [12],
sensitivity enhancement near-field probes using double and single negative media
[13]–[15], and mutual coupling reduction between antennas [16]–[18].
For low-loss applications in the microwave region, natural material choice is
limited to nonmagnetic dielectrics. When requiring relatively high positive per-
meability, the choices are limited to ferrite composites which provide high levels
of magnetic loss [19]–[22]. Therefore, artificial magnetic materials are designed to
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provide desirable enhanced positive value for permeability at microwave frequencies
[23]–[31]. Recently it has been shown that utilizing magneto-dielectric materials in-
stead of dielectrics with high permittivity offers many advantages in an important
class of applications [32]–[37]. These applications include but not restricted to:
enhanced bandwidth efficient miniaturized antennas [32]–[34], low profile enhanced
gain antennas using artificial magnetic superstrates [35], enhancement of bandgap
in the woodpile EBG structures [33], and enhancement of in-phase reflection band-
width of EBGs when they are used as artificial magnetic ground planes [36], [28].
1.2 Pervious Works
The idea of using the split-ring as an artificial magnetic particle was introduced first
in [38]. The works on realizing such a media started in the late 1990’s [23]–[25].
Since then, engineers have proposed numerous types of inclusions [3]–[31]. The
single and coupled split ring resonators (SRR), modified ring resonators, paired
ping resonators, metasolenoid [3], spiral configuration [1], [30] are some of the most
popular configurations used in previous works. Each proposed structure provides
its own advantages and disadvantages in terms of resultant permeability and dis-
sipation. For example, in [3] it was shown that the metasolenoid configuration
provides higher permeability in comparison to SRR configurations, or using spiral
configuration results in artificial magnetic materials with smaller unit cells when
compared to SRR and metasolenoid [1], [30].
In terms of modeling, and analysis, a number of analytical models have been
developed to explicate the physics behind the peculiar characteristics of artificial
magnetic materials (AMMs) [24]–[25], [39]–[41]. When the periodicity and the size
of the inclusions are small compared to the wavelength, electromagnetic mixing
formulas such as the effective medium theory (EMT) and homogenization theo-
ries (HT) can be used to derive the effective permeability and permittivity for
composite media [41]. Using the EMT technique, Pendry in [24] calculated the
effective permeability of a medium containing looped metallic inclusions such as
metal cylinders, Swiss Rolls, and SRRs, and showed that the negative permeability
can be obtained in microwave frequencies. Effective medium theory allows identi-
fying the average field propagating inside a composite medium with respect to the
field propagating inside a homogeneous medium with an effective electrical charac-
teristic of the medium [40]. The circuit-based models of metamaterials, especially
artificial magnetic materials, are developed to capture either the behavior of the
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entire composite medium or the behavior of the separate inclusions [3]. Mostly
the circuit models are proposed to describe the magnetic behavior of the inclusions
rather than the electric behavior. In circuit-based models, the model depends on
the geometry of the inclusions and the dimension of its different sections.
In terms of experimental characterization, So far several experimental methods
have been reported for retrieval of parameters of artificial structures such as the
resonator method [42],[43], the free space method [44]–[46], and the waveguide
method [47]-[48]. Each of these methods has its own advantages and disadvantages.
For example, The resonator method provides high accuracy but it is inherently
narrow band, and an individual measurement setup should be prepared for retrieval
of the constitutive parameter at each single frequency, or free space approach, and
the waveguide method need expensive setups [44]–[48].
1.3 Thesis Work
In this thesis, several advances are added to the existing knowledge of developing
artificial magnetic materials, in terms of analytical modeling, applications, realiza-
tion, and experimental characterization.
New inclusions based on fractal Curves are proposed for realization of artificial
magnetic materials. The new inclusions have advantages of miniaturization, and
less dispersion when compared to the existing structures in the literature.
The concept of multi-resonator unit cells for realization of multi-band artificial
magnetic materials is proposed. The new unit cells can be designed to give the
desired magnetic properties either over multiple distinguished frequency bands, or
over a single wide frequency band.
Two new methods are proposed for experimental characterization of artificial
structures using microstrip, and strip line topologies. The proposed structures have
advantages of lower cost, easier to fabricate and measurement, and smaller sample
size when compared to the existing methods in the literature.
A new application is proposed for use of magnetic materials to enhance the
bandwidth of artificial magnetic ground planes. The developed new magnetic con-
ductor can be used to develop low profile high gain ultra wide band antennas.
For the application of miniaturized antennas, a parametric study is done on the
effect of the constitutive parameters of the artificial substrate on the performance
of miniaturized antenna such as gain, bandwidth, and efficiency.
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1.4 Thesis Organization
Thesis contains 8 chapters including the introduction chapter.
In chapter 2, natural, and artificial magnetic materials, and their applications
are discussed. The discussion includes, the limitations of natural magnetic materi-
als, operation principle of artificial magnetic materials, circuit models, and numeri-
cal simulation methods for design and analysis of artificial structures. Furthermore,
SRR, and spiral inclusions as two examples of artificial magnetic inclusions are stud-
ied in detail. In addition, a new application for magnetic materials is proposed.
In the new application, materials with permeability higher than one are used as
the substrate of mushroom-type EBGs, resulting in wider in-phase reflection band-
width. The performance of the designed EBG as the ground plane to implement
low-profile wide band antennas is presented through full wave numerical analysis.
In chapter 3 , new inclusions based on fractal Hilbert curves are introduced for
realization of artificial magnetic materials with smaller unit cells. Analytical formu-
las for design and analysis of the proposed structures are presented, and full-wave
numerical characterization is performed to verify the analytical results. Further-
more, using the analytical model and numerical simulation results, the proposed
inclusions are compared to spiral inclusions.
Chapter 4 proposes a new experimental method for characterization of artificial
magnetic materials using microstrip topology. The retrieval method is introduced
and explained in detail. The proposed method is used to measure the constitutive
parameters of artificial magnetic materials with 2nd order fractal Hilbert inclu-
sions that were introduced in chapter 3. Measurement results are presented and
comparison is made with the numerical simulation results.
Chapter 5 proposes a new experimental method for characterization of artificial
magnetic materials using a strip line topology. The retrieval method is explained
in detail, and using numerical full wave analysis, the accuracy of the method has
been verified for various type of metamaterials. Then the method has been used for
experimental characterization of artificial magnetic materials with unit cells of 3rd
order fractal Hilbert configuration. Measurement results of the Hilbert inclusions
are presented, and compared with numerical simulation results.
In chapter 6, the performance of artificial magnetic materials for the application
of miniaturized antennas is investigated. Full wave analysis as well as measurement
results are used to study miniaturized antennas with artificial magnetic materials
as substrate. A comprehensive parametric study is performed on the effect of spec-
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ifications of the artificial substrate such as loss, and dispersion over gain, efficiency,
and bandwidth of the miniaturized antenna.
In chapter 7, the concept of multi-resonator unit cells for realization of multi-
band artificial structures is introduced, and investigated using both analytical mod-
els, and full wave numerical simulation. The concept is applied to unit cells with
different inclusions such as fractal Hilbert, circular SRRs, and square SRRs. Circuit
models for different configurations of multi-resonator structures are proposed and
optimized to give a wide band response for permeability. Implicit space mapping
technique is used to make a mapping between analytically optimized structures,
and the designs used for full wave numerical analysis.
Finally Chapter 8 presents concluding remarks, and summery of the thesis.
Contributions of the thesis, possible future directions for this research, as well as
publication work of the thesis are presented in chapter 8.
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Chapter 2
Natural and Artificial Magnetic
Materials
2.1 Introduction
In this chapter natural and artificial magnetic materials are introduced, and dis-
cussed. In this discussion, the principle operation of magnetic materials, their
applications, and the methods to model, simulate, and realize them are presented.
The organization of this chapter is as follows: First, in section 2.2, the definition
of magnetic dipole moment is presented. Then in section 2.3 the mechanism of
operation for natural magnetic materials is discussed, and the limitation of these
natural materials in microwave frequencies is investigated. Section 2.4 introduces
a new application for magntic materials, in which magnetic materials are used to
develop ultra wide-band artificial magnetic ground planes. In section 2.4, it is
shown that using materials with permeability higher than one, as the substrate of
mushroom-type EBGs, results in wider in-phase reflection bandwidth. The idea
is then verified using incident plane wave analysis for EBG designs with different
values of permeability. Then the performance of the designed EBG used as the
ground plane to implement low-profile wideband antennas is presented through
numerical full wave analysis. Section 2.5, introduces artificial magnetic materials,
and presents analytical models for analysis of these materials. In section 2.5.1, a
general circuit model is presented for artificial magnetic particles. The model is
general and can be used for design and optimization of artificial magnetic particles
with arbitrary shape. To be able to characterize the artificial structures numerically,
in section 2.5.2 a simulation setup is discussed based on reflection, and transmission
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from a slab of metamaterials. In sections 2.5.3, 2.5.4, SRR, and spiral inclusions
as two examples of artificial magnetic inclusions are studied. Analytical formulas
are presented for analysis, and design of artificial materials with SRR, and spiral
inclusions, and a comparison is made between analytical, and numerical results.
Finally, a summery and conclusion is presented in section 7.6.
2.2 Magnetic Dipole Moment and Permeability
According to Lorentz Law, a charge particle in motion in a magnetic field of flux
density B, experiences a force as:
F = qV XB (2.1)
where q and are the charge and velocity of the particle, respectively. Since a current
by definition is the moving charges, the force applied to a closed circuit carrying





Using above equations and definition of the torque, the electromagnetic torque
applied to a small closed circuit carrying current I, will be equal to :
T = ISXB (2.3)
where S is the surface enclosed by the small loop. Using above equation, differ-
ential magnetic dipole moment is defined for a small circulating current as:
m = IS (2.4)
Fig. 2.1 shows the geometry leading to the definition given in 2.4. In a
bulk material, orbital and spin motions of the electrons provide magnetic dipole
moments for each individual atom. The magnetic polarization vector, M is defined








Figure 2.1: Magnetic dipole moment of a closed circuit.
In the absence of an external magnetic field, in most of the materials the in-
dividual magnetic moments of electrons cancel each other and the net magnetic
polarization will be zero. When an external magnetic field exists, the torque ap-
plied to the magnetic dipoles turns the loops such that their magnetic moments
align parallel or anti-parallel to the external magnetic field leading to a net value
for magnetic polarization vector. How easily a material experiences magnetization





The permeability of a material which is a quantitative description of how the
material experience magnetization, is defined as the ratio of total magnetic flux







= µ0(1 + χm) (2.7)
2.3 Natural Magnetic Materials
Although a thorough understanding of microscopic magnetic phenomena that oc-
curs in natural magnetic materials need knowledge of quantum theory, using the
simple atomic model can lead to meaningful qualitative results. In the simple
atomic model, it is assumed that there is a positive nucleus surrounded by elec-
trons in circular orbits. In this model, each electron has two motions, one rotating
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around the nucleus in the orbit and another spinning around its axes. These mo-
tions are the source of two kinds of magnetic moments. The third contribution to
the magnetic moment of an atom is caused by movement of protons in the atomic
nucleus and is named nuclear spin. Due to the much greater nuclear mass, the
magnitude of nuclear magnetic moment is much smaller and negligible compared
to electron magnetic moment. In each individual atom, when there is no external
magnetic field, the orbital magnetic moments of electron pairs cancel each other.
This cancelation occurs also for paired spin moments. Therefore for an atom with
completely filled electron shells, there is total cancelation of moments. When there
is an applied magnetic field, it tries to align the magnetic moment of atoms with the
field direction. According to their response to the external magnetic field, materials
can be classified into four major groups: diamagnetic, paramagnetic, ferromagnetic,
and ferrimagnetic materials [22].
Diamagnetism is a very weak form of magnetism which occurs when orbital
moments of atoms align in the opposite direction to that of applied field [22]. For
these materials χm is a very small negative number leading to permeability less but
very close to one. Silver with µr = 0.99998 and lead with µr = 0.999983 are two
examples of materials with this property.
Paramagnetism occurs when atomic magnetic dipoles are free to rotate and
align with the applied external field [22]. In paramagnetism the net susceptibility
χm is very small but positive resulting in permeability higher but very close to one.
For example, aluminum with µr = 1.00002, and Palladium with µr = 1.0008, are
two paramagnetic materials.
Ferromagnetism is exhibited in some metallic materials such as iron, cobalt, and
nickel. In these materials, magnetic moments due to the uncanceled electron spins
of adjacent atoms interact to align with each other and produce susceptibility as
high as [22]. However, the use of these materials as magneto-dielectrics is limited
due to their high conductivity which results in high loss.
Ferrimagnetism is a kind of magnetism which occurs in some kind of ceramics
due to their complex crystal structure. In these materials, there are parallel and
antiparallel coupling interactions between the ions, and the net magnetic moment
arises from incomplete cancelation of spin magnetic moments [22]. In these mate-
rials the permeability and conductivity are highly dependent to temperature and
processing, thus desirable magnetic properties can be obtained by a proper process.
Almost all natural magnetic materials do not exhibit proper magnetic proper-
ties in the microwave frequencies. The challenge to microwave applications arises
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from the inertia of atomic system. Although the mass of electron is small, it is
not zero and the attempts of the electron magnetic dipole moments to track the
external field deteriorate and finally fail as the frequency increases and approaches
the microwave region. Thus, for magnetic materials, the upper frequency of oper-
ation is limited by the gyromagnetic resonances occurring in the VHF-UHF range.
As an example, Fig. 2.2 shows the relative permeability and magnetic loss tan-
gent of Cobalt Hexaferrite, a magnetic material recently developed by Trans-Tech
company. As shown in this figure, the maximum useful frequency for this material
is below 500MHz. Since natural magnetization dose not occur in microwave fre-
quencies, engineered magnetic materials are designed to provide desirable magnetic
properties in these frequencies. The idea of developing artificial magnetic materials
is to design a mechanism similar to what happens in natural magnetic materials for
microwave operation. In these materials, metallic inclusions are inserted inside the
substrate in which the induced current provides magnetic dipole moments. In the
following sections, we will present this idea and discuss the mechanism of operation
of artificial magnetic materials.
Figure 2.2: Permeability (solid line) and magnetic loss tangent (dot line) of Cobalt
Hexaferrite printed from [1].
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2.4 Proposed Application: Low Profile Ultra Wide
Band Antennas using EBG Structures with
Magneto-Dielectric Materials
In this section, a novel application for magneto-dielectric materials is introduced.
Materials with permeability higher than one are used to increase the in-phase re-
flection bandwidth of the mushroom-type EBGs, and the designed EBG structure
is used to implement a low-profile wideband antenna.
2.4.1 Artificial Magnetic Ground Planes
When an antenna is radiating near a surface, there is an interaction between the
waves radiated by the antenna and the waves reflected from the surface. If the
reflected waves are in phase with the incident waves, this interaction will be con-
structive, otherwise; it will be destructive. This interaction can be described by
invoking the concept of surface impedance for the reflector plane. The surface
impedance is defined as the ratio of the tangential component of the electric field
to the tangential component of the magnetic field at the surface. Using the trans-
mission line model for the normal incidence of plane waves, the reflection coefficient





where Zs is the surface impedance of the reflector and Z0 is the wave impedance
in the air. For example Zs of a perfect electric conductor (PEC) surface is zero
leading to Γ = −1 or out of phase reflection. On the other hand, Zs of a per-
fect magnetic conductor (PMC) surface is infinite leading to Γ = +1 or in-phase
reflection.
Although PMC dose not exist in nature, EBG structures act as high impedance
surfaces in their in-phase reflection bandwidth thus emulating a PMC surface
[49],[50]. Most EBG structures, however, have desirable properties over a nar-
row frequency range where the resonance occurs thus limiting their application in
the design of low profile ultra wideband antennas. For example, in [51],[52], EBG
structures were used as the ground plane to implement low profile spiral antennas,
but in these works the frequency independent behavior of the spiral antenna was
limited by the relatively narrow in-phase reflection bandwidth of the EBG surface.
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In the next section, we propose a new method to increase the in-phase reflection
bandwidth of EBGs.
2.4.2 Using Magneto-Dielectric Materials to Increase the
In-Phase Reflection Bandwidth of Artificial Magnetic
Grounds
The mushroom structure, first introduced in [53] and shown in Fig. 2.3, emulates
a high impedance surface (HIS) in its in-phase reflection bandwidth.
Figure 2.3: Schematic showing the mushroom EBG structure.
For normal incidence, the surface impedance of a mushroom EBG can be mod-
eled as an inductor in parallel with a capacitor. The capacitance part is due to the








where εr is the relative permittivity of the dielectric, D is the grid period and
g is the gap between the patches (see Fig. 2.3). The inductance part is due to
the metal backed substrate and can be calculated using transmission lines theory.
A metal backed slab of thickness h can be modeled as a shorted transmission line
leading to a surface impedance of:
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Zs = jη tan(βh) (2.10)
where η and β are the wave impedance and phase constant in the slab, re-
spectively. When h << λ, the above impedance becomes inductive and can be
approximated as Zs = jωL, where L is given by
L = µ0µrh (2.11)
It was demonstrated in [55] that the LC circuit model leads to significant error
only in the case when the grid period D is very large compared to the substrate
height h.
The usable bandwidth of an EBG, when operating as an artificial magnetic
conductor (AMC), has been considered to be the frequencies over which the phase
of the reflection coefficient is bounded by ±45 degrees [56], and is usually given as
the percentage bandwidth with respect to the center frequency. It is well known





, while the resonance frequency is proportional to 1√
LC
. Here,
we use magneto-dielectric materials where the relative permeability, µr is greater
than one to increase L and thus to increase the in-phase reflection bandwidth.
The increase in L, for a specific resonance frequency, has the added advantage of
reducing the size of the patch as smaller capacitance would be needed to achieve
the same resonant frequency. Therefore, the in-phase reflection bandwidth increases
more due to the reduced C.
To verify the idea, a mushroom EBG with substrate of permeability higher
than one is designed and compared with a conventional EBG. To see the effect of
permeability, new structures with the following dimensions Wp = Lp = 0.5mm, g =
0.15mm,D = Lp + g = Wp + g = 0.65mm,h = 1.57mm, d = 0.1mm, εr = 2.51 and
with different values of permeability (µr) varying from µr = 1−9 are considered. In
recent works [23]–[25], magnetic loss tang of about 0.01 is achieved for engineered
magnetic materials. In this work tanδm = 0.01 is assumed to model the loss in
the designs with permeability higher than one. The structures are simulated with
Ansoft HFSS using plane wave excitation with normal incidence. The simulation
setup is the same as used in [49] and is shown in Fig. 2.4. The simulation results for
different value of permeability are summarized in Table 2.1. This table illustrates
the reflection-phase bandwidth (the range of frequencies in which reflection phase is
bounded by ±45 degrees) as well as center frequency in which the reflected phase is
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zero. As shown in this table, reflection-phase bandwidth increases as permeability
increases.
Figure 2.4: Incident plane wave simulation setup where a periodic boundary con-
dition (PBC) is placed around the cell to model an infinite EBG surface.
To compare with the conventional case (µr = 1), Fig. 2.5 shows the results
of the simulation where the reflection wave phase is presented as a function of
frequency for EBG structure with µr = 6 as well as the results for a conven-
tional EBG (µr = 1). For the conventional EBG, we used the structure intro-
duced, simulated and experimentally tested in [2] with the following dimensions:
Wp = Lp = 2.44mm, g = 0.15mm,D = 2.59mm,h = 1.57mm, d = 0.25mm,µr =
1, andεr = 2.51. The results presented in this figure show that the EBG with µr = 6
has an in-phase bandwidth of 70%, while the in-phase bandwidth for the EBG with
µr = 1 is only 18%.
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Table 2.1: Simulation results for EBGs with different permeability.








1 22-30 25.9 30.9
3 11.3-19 15 51.3
6 7.1-14.6 10.65 70.4
9 5.4-12.7 8.7 83.9
Figure 2.5: The phase of the reflected plane wave for the EBG structure with
µr = 6.0 and for the conventional EBG introduced in [2].
2.4.3 Low Profile Spiral Antenna Using the Designed EBG
as an AMC Ground Plane
The idea of using an EBG structure as a ground plane to mimic the behavior of
a PMC surface was first introduced in [53]. In theory, by placing an impressed
current source a distance d above a PMC ground plane, a perfect image of the
current source is induced at a distance d below the ground plane. If d is very small
compared to the wavelength, then the source and its image almost coincide thus
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doubling the radiated field intensity. Now if an antenna is placed above an EBG
surface, then one would hope that over the range of frequencies in the in-phase
reflection bandwidth of the EBG (where the EBG acts as a PMC), the radiated
field intensity would double in comparison to the case when the antenna is in free
space.
Earlier works, especially the ground breaking work in [53], showed that the EBG
does indeed mimic a PMC surface and the radiation increases. However, because
the EBG structure is within the near field of the antenna, one would expect that
the resonant frequency of the antenna to be shifted due to the interaction between
the antenna and the EBG.
Guided by image theory, the previous findings in [53] and the EBG designed
in pervious section using magneto-dielectric material, we designed a printed square
spiral antenna to radiate effectively over the frequency range of 8 to 18GHz. Square
spirals are easier to model and fabricate and as shown in [57], they approximate
the most well known Archimedean spiral antennas. To have coincidence with the
in-phase reflection bandwidth of the EBG structure and the radiation band of the
antenna, the EBG design with µr = 6 in the last section is selected. The structure
and dimensions of the spiral over the EBG surface are illustrated and provided in
Fig. 2.6. The strip width of the spiral and the gap between the arms are set to
0.4 mm. The side length of the spiral is 11.6 mm which is equivalent to one third
of the wavelength at the lowest frequency of 8GHz. The finite EBG surface (14mm
x 14mm) covered an area approximately equal to the footprint of the antenna.
The spiral antenna over the finite EBG surface is simulated using Ansoft HFSS
and the results are illustrated in Figs. 2.7- 2.10. Fig. 2.7 shows the return
loss of the low profile spiral antenna when placed at a distance of only 0.2mm,
( λ
105
at the center frequency fc of 14GHz), above the proposed EBG ground plane.
For comparison and for a perspective on the low profile antenna, we show in this
figure the return loss for the same antenna when placed 0.2mm ( λ
105
at fc) above a
PEC ground plane, and when placed at the same distance above the conventional
EBG (µr = 1). As shown in Fig. 2.7, the designed low profile antenna has a
bandwidth (S11 < −10dB) of 9-19GHz, while the antenna over conventional EBG
has a bandwidth of only 13-16GHz. The achieved bandwidth for the designed low
profile antenna is even wider than the in-phase reflection bandwidth of the EBG.
The 1 GHz upward shift in the bandwidth of the antenna is attributed to the near
field interaction between the antenna and the EBG. A similar shift was observed
for the dipole antenna in [49],[50].
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Figure 2.6: Schematic of the low profile spiral antenna above the EBG surface.
The gain of the proposed antenna in the x-z plane is shown in Figs. 2.8- 2.10 for
different frequencies. The new design is compared to the same spiral antenna when
placed 5.4 mm (λ
4
at fc) above a PEC ground plane with the same size of the EBG
ground plane (14mm x 14mm) and when suspended in free space. The comparison
presented in Figs. 2.8- 2.10 shows that the gain of the low profile antenna, at the
center frequency of 14GHz is about 6.2dB that is 1.6dB higher than the spiral in
free space, and it has a front to back ratio of 16dB. Furthermore, the low profile
antenna shows a very better front to back ratio rather than antenna over the PEC
at low frequencies (see Figs. 2.8). However, when compared to the antenna backed
by a PEC at λ
4
, we observe a 2dB decrease in the gain. This can be attributed to
the magnetic loss of the material.
Therefore, the simulation results of VSWR and gain of the designed low profile
antenna shows that the antenna radiates efficiently over the designed EBG ground
plane.
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Figure 2.7: Return loss of the spiral antenna on different ground planes.
2.5 Artificial Magnetic Materials
As discussed in pervious section, natural magnetization does not occur in materials
in the microwave regime. Therefore designing engineered substrates with perme-
ability higher than that of free space has become increasingly attractive [23]–[25].
Generally an engineered magnetic media is composed of small resonating particles
which provide effective permeability around their resonance frequency. Fig. 2.11
shows an engineered magnetic media composed of spiral rings as proposed in [1].
As shown in Fig. 2.11, resonating particles are stacked in the x and y directions to
provide a homogenous magnetic media. Many shapes have been proposed for artifi-
cial magnetic particles [23]–[25]. Fig. 2.12 shows some of these topologies. In spite
of their different structures, the mechanism of operation for all is the same. When
the resonating cells are submerged in a media where an external magnetic field
Hext exists, according to Faraday’s Law, the change in the magnetic flux enclosed
by these rings induces an Electromotive Force (emf) in the rings. The emf volt-
age supplies a current in the ring which in turn produces magnetic dipole moment.






























 Spiral on EBG(0.2mm)
 Spiral on PEC(5.4mm)
 Spiral in Free Space
Figure 2.8: Gain of the spiral antenna at 9GHz when placed in free space, over a
PEC surface, and over the designed EBG surface.
section, this magnetic moment for a ring with an arbitrary shape is formulated and
an equivalent circuit model is presented to model the resultant permeability.
2.5.1 Formulating Effective Permeability for a Topology
with Arbitrary Shape
Fig. 2.13 shows an artificial magnetic particle with arbitrary shape. A unit cell
of this material with dimension ∆x, ∆y, and ∆z is illustrated in this figure. As-
suming an external magnetic field Hext applied in the Y direction, it induces an
Electromotive Force (emf) in the rings. This emf induces the current I in the
ring. Now H field is the sum of two fields, external magnetic field Hext and induced
magnetic field Hind. Assuming N as the number of turns of wires that carry the
induced current I (N for inclusion in Fig. 2.13 is equal to 2), induced magnetic


































 Spiral on EBG(0.2mm)
 Spiral on PEC(5.4mm)
 Spiral in Free Space
Figure 2.9: Gain of the spiral antenna at 14GHz when placed in free space, over a
PEC surface, and over the designed EBG surface.
where ∆y is the dimension of the unit cell in the y direction (see Fig. 2.13). In
this equation, it is assumed that dimensions of unit cell is much smaller than the
wavelength, as it is true for all the designs that will be discussed in this work, so
there is a uniform magnetic field in whole the unit cell. Applying Faraday’s law,
and using ( 2.12), one can obtain the induced emf as:





where ω is the frequency of the external field, and S is the area enclosed by the
inclusion. The generated emf is related to the impedance of the rings and the
induced current as
emf = ZincI (2.14)
where Zinc is the impedance of the metallic inclusion. Equating (2.13) and (2.14)
yields
































 Spiral on EBG(0.2mm)
 Spiral on PEC(5.4mm)
 Spiral in Free Space
Figure 2.10: Gain of the spiral antenna at 18GHz when placed in free space, over
a PEC surface, and over the designed EBG surface.
Figure 2.11: An engineered magnetic substrate composed of metallic inclusions.
From (2.15), it is observed that the effective inductance, Leff of the inclusions can
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Figure 2.12: Some of the particles used as unit cell of artificial magnetic substrates
a)SRR b)Metasolenoid c) Spiral d) Square LC resonator.








The Magnetic polarization, M defined as the average of the induced magnetic










Using (2.15) and (2.17), the relative permeability µr is obtained as
µr = 1 +K
jωLeff
Zinc + jωLeff
, K = − S
∆x∆z
(2.18)
This formula is general and once one calculates the components of the circuit
model of an inclusion, the effective permeability can be obtained from this formula.
It should be noted that the substrate whose unit cell is shown in Fig. 2.13 can
provide magnetic moment vectors only in the direction perpendicular to the in-
clusion surface (i.e. the effective permeability formulated in (2.18) represents the
yy component of the permeability tensor). For x-directed and z-directed magnetic
fields, the effective permeability will be equal to that of the host media which
is unity for nonmagnetic substrates. Therefore, the artificial substrate will be
anisotropic with permeability tensor of
µ = µ0
 1 0 00 µr 0
0 0 1
 (2.19)
To achieve isotropic artificial substrates with the same effective permeability in
all the three directions of x, y, and z, two inclusions with the surfaces perpendicular
to the x, and z directions should be added to the unit cell shown in Fig. 2.13. If
these two inclusions have the same structure as the inclusion perpendicular to the
y direction, the same effective permeability formulated in ( 2.18) will be achieved
in the x, and z directions.
2.5.2 Simulation Setup for Numerically Characterization of
Metamaterials
In this section a simulation setup is presented to perform numerical full-wave anal-
ysis for characterization of metamaterials. For the numerical analysis, the com-
mercial software based on the finite element method, Ansoft HFSS is used. The
simulation setup is shown in Fig. 2.14. To model an infinite slab, the Periodic
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Boundary Conditions (PMC) is used in the x and y directions around a unit cell
of the meta-material. Plane wave analysis is used to extract the effective perme-
ability. A plane wave is incident normally on the slab and the average value of the
reflection and transmission coefficients, Γ and T , are evaluated over surfaces A1 and
A2 respectively (see Fig. 2.14). Then the effective parameters, µeff and εeff , are
extracted from reflection and transmission coefficient using transmission line theory
[58]–[59]. The equivalent transmission line model of Fig. 2.14 is shown in Fig. 2.15.
In this figure, the metamaterial unit cell is substituted with a transmission line with




and refractive index, neff =
√
µeffεeff ,
where effective values are assumed for permeability and permittivity.
Figure 2.14: Simulation setup used for numerically characterization of metamate-
rials.
Using transmission line theory, the voltage and current in all three regions are
formulated in ( 2.20)-( 2.22).
RegionI : VI = e
−jk0z + Γe+jk0z, II =
1
Z0
(e−jk0z − Γe+jk0z), (2.20)
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Figure 2.15: Transmission line equivalent for Fig. 2.14 setup.
RegionII : VII = Ce










In ( 2.20)-( 2.22), we have four unknowns that can be obtained by applying
















(1 + Γ)2 − T 2e−j2k0d
(1− Γ)2 − T 2e−j2k0d
(2.25)




1− Γ2 + T 2e−j2k0d
2Te−jk0d
(2.27)




where Z0 and k0 are the air characteristic impedance and wave number, respectively;
Zeff , neff , εeff , and µeff are the effective characteristic impedance, refractive index,
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permittivity, and permeability of the engineered material, respectively; Γ and T are
the reflection and transmission coefficients, and d is the thickness of the engineered
material. The sign in (2.25), and (2.26) is determined by the requirements that
Re(Zeff ) > 0 and Im(neff ) < 0 for passive media.
To verify the accuracy of the simulation setup, here we compare the results with
measurement results reported in [3]. Fig. 2.16 shows the numerically extracted
permeability for the metasolenoid magnetic material proposed in [3]. The resonance
frequency measured for this material is reported as 1.2GHz in [3]. The 125 MHz
difference in the resonance frequency can be due to the air gap between meta cells
that is unavoidable in fabrication. Since meta materials are fabricated by stacking
small printed meta cells, this air gap is created by thickness of printed metals.




















Figure 2.16: the numerically extracted permeability for the metasolenoid magnetic
material proposed in [3].
2.5.3 SRR inclusions
Using the formulas achieved in the previous sections, we calculate the effective
permeability for a split ring resonator (SRR) inclusion. The unit cell configuration
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of this artificial substrate is shown in Fig. 2.17.
Figure 2.17: A unit cell of the engineered magnetic substrate composed of split ring
resonators (SRR).
At this stage, we need to calculate components of the circuit model for this





µ0(lx −W )(lz −W ) + (lx − 2S − 3W )(lz − 2S − 3W )
∆y
(2.29)
where lx and lz are the outer dimensions of the SRR in x and z directions,
respectively, W is the width of the metallic strips, and S is the space between
strips (see Fig. 2.17). The inclusion impedance, Zinc, consists of two parts: Reff ,
which models the ohmic loss of the metallic inclusions due to the finite conductivity
of the strips, and the other part models the mutual impedance between external












where σ and δ are the conductivity and the skin depth respectively. the mutual
impedance between external and internal loops Zmut can be modeled as the per-
unit-length mutual impedance of the strips, Zpul, times the average length of the
strips, lavg.
Zmut = Zpullavg (2.31)
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where
lavg = (lx + lz − 4W − 2S)/2 (2.32)
The per-unit-length impedance, Zpul is calculated using conformal mapping


















1− g2 sin2 φ
(2.33)
where εr and tanδ are the relative permittivity and the loss tangent of the host
substrate, respectively. The impedance given in (2.33) contains a parallel combi-
nation of a capacitance and a conductance to model the capacitance between the
metallic strips and the loss due to the conductivity of the host substrate.
Using the above equations, the relative permeability of the unit cell of Fig.
2.17 is calculated and illustrated in Fig. 2.18. The parameters are used in this
calculation are: S=W=0.127mm, Host Dielectric:RO4003(εr =3.38, tanδ=0.0027),
lx = lz = 16mm, ∆y = 3.028mm, ∆x = ∆z = 20mm, and strips are assumed to
be made of copper. In this figure, analytical results are compared with numerical
full wave results. For numerical results, the simulation setup explained in section
2.5.2, and Ansoft HFSS 10 is used. The difference between analytical and simulation
results, for the the resonance frequency is 13% ,and for the magnitude at resonance
is 31%.
2.5.4 Spiral Inclusions
The unit cell configuration of this artificial substrate is shown in Fig. 2.19. Using
circuit models, it was shown in [30] that the effective capacitance of the spiral
configuration is four times of that of the SRR. Therefore, spirals can reduce the
resonance frequency of the inclusion by a factor of 2, resulting in the miniaturization
of the unit cells of artificial structures.
The components of circuit model for this configuration would be the same as
the SRR configuration except for the mutual impedance Zmut part which is 4 times
of that of SRR:
Zmut = 2(lx + lz − 4W − 2S)Zpul (2.34)
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Figure 2.18: Calculated Permeability for the SRR inclusion shown in Fig. 2.17 is
compared with simulation results.
Figure 2.19: A unit cell of the engineered magnetic substrate composed of spiral
rings.
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where Zpul, was calculated in ( 2.33). Using the above equations, the relative
permeability of the unit cell of Fig. 2.19 is calculated and illustrated in Fig.
2.20. The parameters are used in this calculation is the same as parameters used
for SRR in the pervious section. In this figure, analytical results are compared
with numerical full wave results. The difference between analytical and simulation
results, for the the resonance frequency is 6.4% ,and for the magnitude is 30%.




















Figure 2.20: Calculated Permeability for the spiral inclusion shown in Fig. 2.19 is
compared with simulation results.
2.6 Conclusion
It was shown that magneto-dielectric materials when used as a substrate of mush-
room type EBGs can increase the in-phase reflection bandwidth of these structures.
Using this fact, a compact wideband EBG structure was proposed and shown to
have an in-phase reflection bandwidth of 70% while having a cell size less than
0.25 of a conventional EBG resonating at the same center frequency. To evaluate
the efficiency of the designed EBG when working as the ground plane of wideband
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antennas, a spiral antenna was designed to radiate effectively over the frequency
range of 8 to 18 GHz coinciding with the in-phase reflection bandwidth of the EBG
structure. A low-profile spiral antenna was implemented by placing the spiral an-
tenna at a distance of 0.2 mm above the proposed EBG. Simulation results show
that the low-profile spiral antenna has a 2:1 VSWR over the frequency range of 9
to 19 GHz. The gain of the low-profile antenna at the center frequency of 14 GHz
is 6.2 dB with a front to back ratio of 16 dB.
Natural magnetic materials do not operate efficiently at microwave frequencies.
Therefore, artificial magnetic materials are developed to provide enhanced positive
permeability at microwave frequencies. Operation principle of artificial magnetic
materials was discussed and a general analytical model was proposed for calculating
the effective permeability of metamaterial with arbitrary topology. To be able to
predict the effective parameters of metamaterials with complex topology, an effec-
tive simulation tool was presented to numerically extract the effective permeability
and permittivity of metamaterials. The simulation results were compared to both
the analytical results achieved in this work and measurement results obtained in
other works. This comparison showed the ability of the simulation tool for ac-
curate extracting of the effective parameters of metamaterials . SRR, and spiral
inclusions, two well known inclusions for realization of artificial magnetic materials,
were studied both analytically, and numerically.
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Chapter 3
New Inclusions based on Fractal
Hilbert Curves
3.1 Introduction
One of the most important applications of artificial magnetic materials is in minia-
turized planar structures, specially miniaturized microstrip antennas [1], [31], [64]–
–[68]. Although it was shown that by using these materials, significant miniatur-
ization factors could be achieved in the planar sizes of the antennas, the height
of the substrate is limited by the size of the unit cell of the artificial structures.
The size of the developed artificial unit cells are typically much smaller than the
wavelength (smaller than λ/20), yet they yield a large antenna profile (for example,
for a microstrip antenna operating at 200 MHz, the smallest profile achieved is 2cm
[1]). Furthermore, since the antenna is miniaturized to be much smaller than the
wavelength, say λ/20, therefore, unit cells of the artificial structure should be small
enough to provide homogeneity under the miniaturized patch antenna.
With the aim of further miniaturization, other sub-wavelength particles have
been recently proposed such as spiral resonators [1], [30], capacitively loaded embedded-
circuit particles [69]–[71], as well as lumped-element based metamaterials [72]. In
[30], it was shown that using spiral resonators decreases the size of the inclusion by
a factor of 2 when compared to SRRs . In [69]–[71], using parallel-plate capacitors,
inclusions as small as λ/27 are developed.(Please note that in this comparison, by
λ we mean the wavelength in the host dielectric at the resonance frequency. Since
by using a high-k dielectric, for sure the size of inclusion decreases, it is not fair
to compare different inclusions based on wavelength in the air)However; the struc-
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tures in [69]–[71] are three dimensional and cannot be realized using printed circuit
technology. Using lumped elements within the inclusions, unit cells as small as
λ/52 were developed in [72]. The solution proposed in [72] is promising, however,
lumped elements need to be soldered into place for each unit cell which makes the
fabrication process difficult and time-consuming. In [1], using square spirals unit
cells as small as λ/46 were developed and used for antenna miniaturization. The
structure introduced in [30], can be realized by simple printed technology.
In this chapter, we introduce fractal curves as inclusions for artificial magnetic
material to further increase the miniaturization potential.
Previous works on using fractal geometries in developing artificial structures
includes frequency selective surfaces [73], high-impedance surfaces [74], left-handed
metamaterials [75], and complementary split ring resonators [76]. An extended
class of space-filling wire structures based on grid-graph Hamiltonian paths and
cycles has also been investigated in [77].
The organization of this chapter is as follows: First in section 3.2, the new
inclusions based on fractal Hilbert curves are introduced and discussed. Then in
section, 3.3, analytical formulas are derived for design and analysis of the proposed
structures. In section 3.4, using analytical formulas, the resultant permeability of
the fractal structures are calculated, and compared with numerical results. Using
the analytical model and numerical simulation results, the proposed inclusions are
compared to spiral inclusions in terms of electromagnetic properties, and finally
summary and conclusion are provided in section 3.5.
3.2 Proposed Structures
Fig. 3.1 shows the proposed structures for metamaterial inclusions based on Hilbert
curves, along with the SRR and spiral structures. Using circuit models, it was shown
in [30] that the effective capacitance of the spiral configuration is four times bigger
than that of the SRR. Therefore, spirals can reduce the resonance frequency of the
inclusion by a factor of 2. This claim was verified numerically and experimentally
in [30]. The structures proposed here combine the idea of using spiral configuration
(proposed in [30]) and fractal Hilbert curve to provide inclusions with smaller size.
The dimensions of the inclusions as a fraction of the wavelength in the dielectric
at the resonance frequency are shown in Fig. 3.1. Clearly observed is that when
using a fourth-order fractal Hilbert curve makes it possible to realize inclusion as
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small as 0.014λ. This size is 63% of the size of spiral inclusion and 32% of the size
of SRR.
3.3 Analytical Model
Fig. 3.2 shows a unit cell of a third-order Hilbert inclusion.
In what follows, a general formulation, which can be used for any order of Hilbert
inclusions, is derived for the effective permeability. The unit cell in Fig. 3.2 has
dimensions of ∆x, ∆y, and ∆z in the x, y, and z directions, respectively. Following
the method explained in section 2.5.1 of chapter 2, the resultant permeability for
fractal curves, µr is obtained as
µr = 1 +K
jωLeff
Zinc + jωLeff
, K = − S
∆x∆z
(3.1)
It should be noted that the substrate whose unit cell is shown in Fig. 3.2 can pro-
vide magnetic moment vectors only in the direction perpendicular to the inclusion
surface (i.e. the effective permeability formulated in (3.1) represents the yy com-
ponent of the permeability tensor). For x-directed and z-directed magnetic fields,
the effective permeability will be equal to that of the host media which is unity for
nonmagnetic substrates. Therefore, the artificial substrate will be anisotropic with
permeability tensor of
µ = µ0
 1 0 00 µr 0
0 0 1
 (3.2)
To achieve isotropic artificial substrates with the same effective permeability in
all the three directions of x, y, and z, two inclusions with the surfaces perpendicular
to the x, and z directions should be added to the unit cell shown in Fig. 3.2. If
these two inclusions have the same structure as the inclusion perpendicular to the
y direction, the same effective permeability formulated in (3.1) will be achieved in
the x, and z directions.
The formula given in (3.1) is general and can be used for Hilbert inclusions of
any order. The only difference between various orders would be in the value of the
inclusion impedance, Zinc, and the effective inductance, Leff .
The effective inductance, Leff given in (2.16) is a function of the area S,
enclosed by the inclusion; and since this area varies by the order, n, of fractal
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Figure 3.1: (a)SRR. (b) Square spiral. (c) Second-order fractal Hilbert inclusion.
(d) Third-order fractal Hilbert inclusion. (e) Fourth-order fractal Hilbert inclusion.
Note that as the order of Hilbert curve increases, the size of inclusion decreases
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Figure 3.2: A unit cell of engineered magnetic substrate composed of inclusions
with 3rd order Hilbert Curve.










2 n = 2
l2x
2n−2n−1+1
2n−1 n > 2
 (3.3)
where lx is the dimension of the inclusion in the x direction (see Fig. 3.2). Equation
(3.3) can be proved using mathematical induction principle [78].
The inclusion impedance, Zinc, consists of two parts: Reff , which models the
ohmic loss of the metallic inclusions due to the finite conductivity of the strips, and
the other part models the mutual impedance between external and internal loops,









where σ and δ are the conductivity and skin depth, respectively, w is the width of




2n−1 n = 2
22n+2n
2n−1 n > 2
 (3.5)
36
Equation (3.5) can be proved using mathematical induction principle [78]. In
the proposed inclusions, the internal loop follows the shape of the external loop,
therefore the mutual impedance between external and internal loops Zmut can be
modeled as the per-unit-length mutual impedance of the strips, Zpul, times the
average length of the strips, lavg.
Zmut = Zpullavg (3.6)
where
lavg = (lx − 2w − g)

22n−2
2n−1 n = 2
22n+2n
2n−1 n > 2
 (3.7)
and g is the gap between the metallic strips. The per-unit-length impedance, Zpul


















1− s2 sin2 φ
(3.8)
where εr and tanδ are the relative permittivity and the loss tangent of the host sub-
strate, respectively. The impedance given in (3.8) contains a parallel combination
of a capacitance and a conductance to model the capacitance between the metallic
strips and the loss due to the conductivity of the host substrate.
It should be noted that this model considers the capacitance between two adja-
cent strips while it neglects the capacitance between non-adjacent strips. Therefore,
the accuracy of this model increases when the space between non-adjacent strips
is much larger than the space between adjacent strips. However, for the compact
structures or for high order fractal curves, where the space between non-adjacent
strips is comparable to the space between adjacent strips, this model gives only an
approximation of the relative permeability that can be used to initiate a design.
To extract exact relative permeability, one needs to use the full wave simulation
method explained in Section 2.5.2.
Using the above formulas, Table 3.1 compares the effective inductance, ca-
pacitance, resistance, and the resonance frequency of Hilbert inclusions with those
parameters of the square spiral. For the spiral, the equations of section 2.5.4 are
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Table 3.1: The ratio of the parameter of Hilbert inclusion to that of spiral
n Leff Ceff Reff Resonance
Fre-
quency
2 0.67 1.16 1.16 1.14
3 0.71 2.57 2.57 0.74
4 0.60 4.53 4.53 0.61
5 0.55 8.51 8.51 0.46
6 0.52 16.5 16.5 0.34
used. The electrical parameters of the host substrate and the geometrical param-
eters of the unit cell and metallic strips are assumed to be the same for all the
Hilbert inclusions and spiral.
From Table 3.1, using fractal Hilbert inclusions instead of square spirals reduces
the effective inductance while increasing the effective capacitance in such a way
that the resonance frequency would be smaller for fractal Hilbert curves with n >
2. Therefore, using structures with Hilbert curves of order 3 or higher results
in miniaturization of inclusions. We also observe that the miniaturization factor
increases with the order of Hilbert curves.
Table 3.1 also gives higher value of effective resistance for Hilbert inclusions
when compared to spirals. Increasing the effective resistance in the circuit model
results in lower Q factor, which in turn results in lower rate of change in the resul-
tant permeability with respect to frequency [79], [80]. Therefore, lower frequency
dispersion can be achieved for the artificial medium. On the other hand, any in-
crease in the effective resistance results in an increase in the magnetic loss of the
artificial medium [79], [80]. Furthermore, since the effective inductance is reduced,
it is expected that the maximum value of the relative permeability would be smaller
for Hilbert inclusions when compared to spiral.
As a conclusion, the analytical models developed here predict that using fractal
Hilbert curves with order 3 or higher results in miniaturization of the inclusions,
and, furthermore, in a reduction of the frequency dispersion of the artificial medium.
The drawbacks would be lower resultant permeability and higher magnetic loss.




Using the aforementioned analytical and numerical methods, the relative perme-
ability of the proposed structures in Fig. 3.1 was derived and the results are shown
in Figs. 3.3 , 3.4. In these figures, the resultant permeability of Hilbert curve struc-
tures are compared to that of the square spiral. The parameters and dimensions of
all the structures are the same and are given as: s = w = 0.127 mm, host dielectric
of (εr = 3.38, tanδ = 0.0027), lx = 16 mm, ∆y = 3.028 mm, ∆x = ∆z = 20 mm,
and the strips are assumed to be made copper to model the loss.
Figs. 3.3 and 3.4 show the real and imaginary parts of the resultant permeability,
computed analytically and numerically. Good agreement was observed between the
analytical and numerical results aside from a frequency shift reaching a maximum
value of 8.8% for the case with 2nd order Hilbert curves.























F r e q u e n c y ( M H z )
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Figure 3.3: Real part of resultant permeability for engineered materials with inclu-
sions shown in Fig. 3.1. Analytical results (solid line) are compared with numerical
results (dash line).
As shown in Fig. 3.3, and Fig. 3.4, for n > 2, fractal structures exhibit lower
resonance frequency compared to the spiral with the same size. Therefore, as pre-
dicted by the circuit model, for a given resonance frequency, using Hilbert inclusions
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Figure 3.4: Imaginary part of resultant permeability for engineered materials with
inclusions shown in Fig. 3.1. Analytical results (solid line) are compared with
numerical results (dash line).
with order of 3 or higher results in a smaller size for the unit cell compared to the
spiral. Furthermore, as shown in Fig. 3.3, when the order of the fractal Hilbert
curve increases, the response of the permeability becomes smoother. Therefore, as
predicted by the circuit model, using fractal structures decreases the rate of the
permeability variation with respect to frequency leading to lower dispersion in the
artificial substrate.
From Fig. 3.3, the maximum value achievable for the resultant permeability is
smaller than that of the spiral, and this maximum value decreases as the order of
Hilbert inclusions increases. This fact was also predicted by the circuit model as
explained in the previous section. In terms of loss comparison, as shown in Fig. 3.4,
at the resonance frequency Hilbert inclusions yield lower value for the imaginary
part, so they provide lower loss at the resonant frequency. Notice that it is difficult
to compare the imaginary parts at the other frequencies using the scale shown in
Fig. 3.4. For this, we have presented the imaginary part of the permeability at the
frequencies below the resonance in Fig. 3.5. In this figure, the numerical results are
used, and for the sake of comparison, the frequency is normalized to the resonance
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frequency for all inclusions. As shown in Fig. 3.5, for frequencies below resonance,
the imaginary part of the permeability is higher for Hilbert inclusions than that
of the spiral inclusion, and as the order of Hilbert increases the imaginary part
increases. Therefore, as predicted by the circuit model, at the frequencies below
the resonance Hilbert inclusions provide higher loss when compared to spirals.
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Figure 3.5: Imaginary part of the resultant permeability at frequencies below the
resonance. The frequency is normalized to the resonance frequency.
We will verify the results archived here using measurement results in the chap-
ters 4,5.
3.5 Conclusions
The use of fractal curves to miniaturize artificial magnetic materials was investi-
gated. Novel configurations were proposed to realize artificial magnetic materials
with smaller unit cells by combining the square spiral loop configuration with fractal
Hilbert curves. The new designs are desirable when designing low profile miniatur-
ized antennas in which the engineered magnetic materials are used as the substrate.
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Analytical models were introduced to design and analyze the new structures. The
analytical model was validated through full wave simulation characterization. It
was shown that using forth order of fractal Hilbert curve, it is possible to real-
ize inclusions as small as 0.014 of the wavelength in the dielectric. This size is
63% of the size of spiral inclusion and 32% of the size of SRR. Using higher order
Hilbert curves results in even further miniaturization of the unit cell. In term of
electromagnetic properties, the new structures provide lower frequency dispersion
and lower magnetic loss at the resonance frequency in comparison to the square
spiral inclusions. This advantage comes at the expense of lower permeability and
higher magnetic loss at frequencies below resonance.
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Chapter 4
New Experimental Method for
Retrieval of Constitutive
Parameters of Artificial Structures
using a Microstrip Fixture
4.1 Introduction
The accurate retrieval of the constitutive parameters of artificial media is typically
considered a challenging task due to the inherently highly resonant behavior of such
media.
So far several experimental methods have been reported for retrieval of param-
eters of artificial structures such as the resonator method [42],[43], the free space
method [44]–[46], and the waveguide method [47]-[48]. Each of these methods has
its advantages and disadvantages. The resonator method provides high accuracy
but it is inherently narrow band, and an individual measurement setup should be
prepared for retrieval of the constitutive parameter at each single frequency; there-
fore, it is not a good candidate for measuring artificial magnetic materials which
are dispersive in nature.
Acceptable accuracy was reported for the free space approach; however, an ex-
pensive setup of two horn antennas, combined with lens assemblies mounted on the
horns, are required to generate plane waves [45]. Furthermore, Since standard horn
antennas have limited operation bandwidth, to test artificial magnetic materials
operating at different frequency bands, different setups are needed (for example,
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an antenna used for testing a structure which operates at 2 GHz cannot be used to
test another structure which operates at 3 GHz).
In the waveguide method, the sample of artificial media is placed at the cross
section of a waveguide and its constitutive parameters are calculated from reflected
and transmitted waves [47]-[48]. The setup needed for this method is more afford-
able when compared to free space method, but again to test artificial magnetic
materials operating at different frequency bands, different setups are needed. In
addition, a large size sample of artificial magnetic materials is needed to fill the
entire cross section of the waveguide. This would be a severe requirement when
testing artificial materials operating at the lower band of microwave region, say
few hundred MHz (for an artificial material operating at 500MHz, the sample size
would be approximately 0.5m x 0.2m).
In this chapter, a broadband microstrip line-based method is proposed to mea-
sure the constitutive parameters of artificial magnetic materials. The advantage
of this method over previously developed techniques is that the characterization
can be performed using a simple inexpensive microstrip cell, and the same cell can
be used for artificial magnetic materials operating at different frequency bands.
Furthermore, in this method, there are fewer restrictions on the size of the sample
under test.
Various microstrip line-based retrieval methods with different configurations
were reported in the literature for characterization of natural materials [81]-[86],
but no microstrip line-based method is reported for characterization of artificial
magnetic materials which are in general biansotropic and dispersive.
The organization of this chapter is as follows: In section 4.2, the retrieval
method is introduced and explained. In section 4.3, the proposed method is used
to measure constitutive parameters of artificial magnetic materials with fractal
Hilbert inclusions. Measurement results are presented and comparison is made to
numerical simulation results.
4.2 Characterization Method
Artificial magnetic materials are in general anisotropic and dispersive; therefore
a retrieval method should determine the permittivity and permeability tensors at
different frequencies. The currently available artificial structures are realized by
using planar inclusions with a specific topology in, say the x-y plane. These planar
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structures provide enhanced permeability only in the direction normal to the plane
of the inclusion and enhanced permittivity in the directions tangent to the plane.
Here without any loss of generality, it is assumed that the inclusions lie in the
x-z plane. In this case the permeability of the artificial structure is described by
the following tensor:
µ(ω) = µ0
 1 0 00 µy(ω) 0
0 0 1
 (4.1)
Fig. 4.1 shows the proposed setup for permeability retrieval consisting of a
shorted microstrip line with the substrate of the line being the artificial media
under test. By measuring the input impedance of the shorted microstrip line over
the frequency range of interest, the permeability of the artificial media can be
calculated. For the quasi-TEM dominant mode in the microstrip line (see Fig. 4.1,)
the dominant magnetic field in the substrate will be in the y direction. Therefore
this configuration can be used for the retrieval of µy. For the quasi-TEM mode,









where l, and β0 are the length of the shorted microstrip line and the propagation
constant of the air, respectively. εeff,x , and µeff,y are the x-directed effective
permittivity, and y-directed effective permeability of the microstrip cell respectively.










where w is the width of the microstrip line and h is the height of the substrate.






































































and εx is the x-directed permittivity of the artificial media. εx will be measured
using a parallel plate metamaterial capacitor as proposed in [1]. By measuring the
capacitance, the permittivity can directly be calculated. According to the classical
image theory, using only one period of the artificial unit cells in the area between the
two metallic parallel plates can mimic the behavior of an infinite array of unit cells
, which is the default assumption in the analysis and design of artificial structures.
These aspects, therefore, makes the method presented in [1] highly robust and
well-suited for metamaterial characterization. It is interesting to note, however,
that the authors of [1] observed a rather large difference between the analytically
estimated and measured permittivity values (a difference of more than 30%). The
large discrepancy is in fact due to the approximations used in the derivation of
the analytical formula. For the same artificial structure measured in [1], we have
performed a full wave numerical simulation using the simulation setup discussed in
Chapter 2, and [89] and obtained a difference between simulation and measurements
of less than 7%.
Next, the input impedance of the shorted microstrip line is measured, and by
solving (4.2), the unknown parameter, µeff,y is determined. The effective perme-
ability, in general, is a complex number, and (4.2) should be solved for both the
real part, µ
′
eff,y, and the imaginary part, µ
”
eff,y. Then, after finding the effective
permeability, the relative permeability of the substrate, µy, is calculated by solving



































Figure 4.1: The setup configuration used for extraction of the permeability of the
artificial media









































y are the real and imaginary parts of the permeability of the artificial
media respectively.
(4.5), and (4.6) are derived in [87], [88] using conformal mapping technique
where the permeability, µ
′
y , was assumed positive. Therefore, these equations can-
not be used over the frequency range where the permeability is negative. Therefore,
this method can be used only for applications which artificial magnetic materials
are designed to operate at frequencies over which the permeability is positive. In
the next chapter, we propose a new method which can be used for both positive
and negative permeability.
(4.5), and (4.6) are nonlinear equations and can be solved by several numerical
methods such as the Gauss-Newton method, the Levenberg-Marquardt method, the
Trust-Region Dogleg method, ... etc. [90]. In this work, the Trust-Region Dogleg
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method is used. The process of characterization is summarized in the chart shown
in Fig. 4.2.
Calculate εx by measuring the 
capacitance of metamaterial parallel  
plate capacitor  
Calculate effective permittivity, εeff,x using 
measured εx , and (4.4)
Measure input impedance of the shorted 
microstrip line, Zin
Solve (4.2) for μ’eff,y , and μ”eff,y by 
knowing Zin ,and εeff,x
Solve (4.5) for μ’y , by knowing  μ’eff,y
Solve  (4.6) for μ’’y by knowing μ”eff,y, 
and μ’eff,y
Figure 4.2: Characterization Process
4.3 Measurement Results
To test the accuracy of the proposed method for extracting the permeability of
artificial magnetic materials, we consider the structure with fractal Hilbert2 inclu-
sions introduced in the previous chapter. One unit cell of this structure is shown
in Fig. 4.3. The inclusion consists of a conducting trace having a width of w =
0.180mm and separation between traces of s = 0.180mm. This artificial media was
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fabricated and measured, and in this section, we compare the measurement results
with numerical simulation results.
The numerical results are obtained using Ansoft HFSS10, and the numerical
setup explained in chapter 2. In the numerical setup, a unit cell of the artificial
material combined with periodic boundary conditions are used to mimic an infinite
slab of artificial materials. For numerically extraction of the constitutive parame-
ters, plane wave analysis is used, and parameters are extracted from the reflected
and transmitted waves from the unit cell [89].
Using printed circuit technology, a strip of 6 unit cells of fractal Hilbert2 in-
clusions were fabricated on an FR4 substrate with εr = 4.4, and tanδ = 0.02 (See
Fig. 4.4). Forty of these strips were then stacked in the y direction to provide a
three-dimensional substrate. Due to the thickness of the metal inclusions, an av-
erage air gap of 50 µm develops between the strips in the stacking process. The
air space while unavoidable in the fabrication process is nevertheless measurable,
so it can be easily included in the design. Using this substrate and conducting
plates, a parallel-plate metamaterial capacitor was fabricated, and by measuring
its capacitance, the permittivity was extracted. According to this measurement,
the permittivity for this artificial magnetic substrate is calculated as εx = 9.6. The
numerical full-wave simulation results in εx = 9.58, demonstrating strong agreement
with measurements. The 50 µm air gap is included in the simulation.
The same substrate that is used for permittivity measurement is used as a sub-
strate of the shorted microstrip line to extract the permeability. The fabricated
fixture used for permeability measurement is shown in Fig. 4.5. The fabricated
substrate has dimensions of 12, 8.2, and 1.1 cm in the y, z, and x directions, re-
spectively. For the quasi-TEM dominant mode, the H and E fields in the substrate
will be in the y and x directions, respectively. Therefore this configuration can be
used for retrieval of µy.
Using a vector network analyzer, the complex input impedance of the shorted
microstrip line shown in Fig. 4.5 is measured over the frequency range of 500-680
MHz (See Fig. 4.6). Then using the measured value of εx = 9.6 and measured
impedance, µy is extracted by the method explained in section 4.2. The real and
imaginary parts of the measured y-directed permeability are shown in Fig. 4.7, and
Fig. 4.8. In these figures, the measurement results are compared with the numerical
simulation results. The 50 µm air gap was also included in the simulation.
The shaded area in Fig. 4.7, and Fig. 4.8 determines the frequencies over which
the real part of the permeability is negative. Over this frequency range correspond-
49
Figure 4.3: Fractal Hilbert2 inclusion used for constructing artificial magnetic ma-
terial. l1 = l3 = l4 = l5 = l6 = l7 = 3.03mm, l2 = 6.06mm,∆y = 3.028mm,∆x =
∆z = 11mm
Figure 4.4: A single strip containing 6 unit cells of inclusions fabricated using
printed circuit board technology.
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Figure 4.5: The fabricated fixture used for permeability measurement
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Figure 4.6: Measured Input Impedance
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ing to frequencies higher than 638 MHz, as explained before, the measurement re-
sults are not valid. Over the frequency range where the real part of the permeability
is positive, good agreement is observed between the simulation and measurement
results.

























F r e q u e n c y  ( M H z )
 M e a s u r e m e n t  R e s u l t s
 N u m e r i c a l  R e s u l t s F = 6 3 8  M H z
Figure 4.7: The measured and numerically simulated real part of the permeability
for the artificial magnetic material shown in Fig. 4.5.
As briefly discussed above and more extensively in [89], in the numerical analysis
used in [89], periodic boundary conditions are used to mimic an infinite number
of unit cells. However, in practice we can realize only finite number of unit cells.
For example in the setup used in this work (see Fig. 4.5), the fabricated substrate
contains 6 unit cells of inclusions in the z direction, and only one unit cell in the x
direction. It can be predicted that increasing the number of unit cells provide higher
homogeneity in the fabricated substrate which will result in a better agreement
between numerical and measurement results. On the other hand, in a wide class
of applications such as antenna miniaturization, only one unit cell is used in the x
direction to avoid high profile substrates [1],[31].
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Figure 4.8: The measured and numerically simulated imaginary part of the perme-
ability for the artificial magnetic material shown in Fig. 4.5.
4.4 Conclusion
A method based on the shorted microstrip line was proposed for characterization of
artificial magnetic materials. The retrieval method for permeability extraction was
introduced and explained. An artificial substrate based on fractal Hilbert inclu-
sions was fabricated and characterized using the proposed method. Measurement
results were presented and compared with numerical results of a full wave simu-
lation. Numerical results were obtained from a plane wave analysis using a finite
element simulation tool. A strong agreement was observed between measurement
and numerical results.
The primary advantage of the method introduced here in comparison to previous
methods, is its relatively low cost (in comparison to the free space or the waveguide
methods) and its capability of extracting the permeability over a wide band of
frequencies (in comparison to the resonator method).
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Chapter 5
A New Retrieval Method for
Characterization of Metamaterials
Using a Strip Line Fixture
5.1 Introduction
As we saw in the previous chapter, the microstrip line method, has the advantage
of low cost (in comparison to the free space or the waveguide methods) and its
capability of extracting the permeability over a wide band of frequencies (in com-
parison to the resonator method) [91]. However, the microstrip line method dose
not work properly for negative values of constitutive parameters [91],[27]. Further-
more, in the microstrip line method, two measurement setups are needed to extract
permittivity, and permeability individually.
In this chapter, a new method based on strip line structures is presented for
characterization of artificial structures. The proposed method is able to be used for
characterization of all types of artificial structures including SNG (Single Negative),
and DNG (Double Negative)metamaterials. The new method has the advantages
of easy fabrication and low cost, when compared to free space or the waveguide
methods. Furthermore, it has the advantage of being able to extract both permit-
tivity, ε, and permeability, µ, with one measurement, when compared to microstrip
line method. In addition, the new method works for both positive and negative
values of µ, and ε, which is another advantage when compared to microstrip line
method.
The organization of this chapter is as follows. First in the section 5.2, the
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retrieval method is explained. Then using numerical full wave analysis, the accuracy
of the method has been verified for various type of metamaterials in section 5.3. In
section 5.4, the method has been used for experimental characterization of artificial
magnetic materials with unit cells of 3rd order fractal Hilbert configuration, and a
comparison is made between measurement results, and numerical simulation results.
Finally, a summery and conclusion is presented in 5.5.
5.2 Retrieval Method
The setup configuration is shown in Fig. 5.1. This setup is used to extract both
permittivity and permeability. The setup consists of a two-port strip line fixture.
The substrate of the strip line includes three parts: two double positive dielectric
with known constitutive parameters at sides next to the excitation ports, and the
under test metamaterial structure placed in the middle. By measuring the scatter-
ing parameters of this two-port strip line fixture, the permittivity and permeability
of the under test metamaterial structure are extracted. For the quasi-TEM mode,
the dominant mode in strip line structures, the y component of the magnetic field
and the x component of the electric field are the dominant field components in the
setup shown in Fig. 5.1. Therefore this configuration can be used for the retrieval
of the µy, and εx.
The method used here is very similar to the the free space approach [44]–[46],
in terms of the theoretical base. Both methods extract the unknown constitutive
parameters from reflection and transmission of waves from the artificial sample.
However, from fabrication and measurement point of view, in this method a simple
inexpensive strip line fixture can be used, while in the free space approach, an
expensive setup of two horn antennas, combined with lens assemblies mounted on
the horns, are required to generate plane waves [44]. Furthermore, the size of the
artificial sample required for the strip line method is much smaller when compared
to the sample required for the free space approach.
For the dominant quasi-TEM mode, the transmission line model shown in Fig.
5.2 is used to analyze the behavior of the field in the substrate. According to this
model, the voltage and current in all three regions are formulated by
RegionI : VI = e
−jkdz + Γe+jkdz, II =
1
Zd
(e−jkdz − Γe+jkdz), (5.1)
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Figure 5.1: The setup configuration for the strip line fixture used for extraction of
the permittivity and permeability of the artificial media
RegionII : VII = Ce









where kd , and Zd are the propagation constant and characteristic impedance in
the known dielectric (Regions I, and III in Fig. 5.2) respectively. Since the known
dielectric is nonmagnetic and isotropic, kd , and Zd can be written as [92].
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where W is the width of the strip line, h is the total height of the substrate,
and εd is the relative permittivity of the known dielectric. In (5.2), km, and Zm
are the propagation constant and characteristic impedance in the unknown artifi-
cial sample, respectively. Since the artificial sample is in general anisotropic, the
direction of E field and H field should be considered when deriving km, and Zm.
For the quasi-TEM mode, the dominant E field component is in the x direction,






















where µy is the permeability in the y direction, and εx is the permittivity in
the x direction. In order to express permittivity and permeability of the artificial
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material in terms of the measured S-parameters, (5.1) - (5.3) are solved by applying
the boundary conditions at z = 0 and z = t. Permittivity and permeability of the









(1 + Γ)2 − T 2e−j2kdt
(1− Γ)2 − T 2e−j2kdt
, Γ = S11e
−j2kdd T = S21e
−j2kdd
e−jkmt = X ± j
√
1−X2, X = 1− Γ
2 + T 2e−j2kdt
2Te−jkdt
(5.6)
It should be noted that as shown in (5.6), the extracted parameters, µy, εx,
are proportional to the ratio of Zm, and Zd, not their absolute values. Therefore,
any approximation used in deriving the impedances ,Zm, Zd, dose not affect the
accuracy of the extracted parameters µy, εx, since this approximation is the same
for both Zm, Zd, and will be canceled in their ratio. In the above equations, only
the dominant electric and magnetic fields are considered. However, in the strip
line structure, the y component of E field as well as the x component of H field
which are ignored in (5.5) and (5.6) are present in the field distribution. In the case
of isotropic sample, since the permittivity and permeability is the same in all the
directions, this fact does not affect the accuracy of the results. However, in the case
of anisotropic artificial materials, neglecting the non-dominant field components is
expected to affect the accuracy of the extracted permittivity and permeability. In
Section 5.3, using full wave numerical analysis, this phenomena is investigated, and
a solution is proposed to address it.
5.3 Full Wave Numerical Analysis
To investigate the accuracy of the method, a full wave numerical simulation is done
for both isotropic and anisotropic samples. The commercial software, HFSS is used
for full wave numerical simulation.
5.3.1 Results for Isotropic Samples
First we assume the sample under test be isotropic, so it has the same permittivity
and permeability at all the directions. To test the method for artificial samples
58
with frequency-dependent constitutive parameters, a metamaterial with constitu-
tive parameters shown in Fig. 5.3 is used as the sample under test. The data
shown in Fig. 5.3 is generated using the well known lorentz model [93] for both
permittivity and permeability:
εr = 1 +
f 2pe
f 20e − f 2 + jGef
(5.7)
µr = 1 +
f 2pm
f 20m − f 2 + jGmf
(5.8)
(5.9)
where the parameters in the above equations are selected as: fpe = 350MHz,
fpm = 380MHz, f0e = 520MHz, f0m = 550MHz,and Ge = Gm = 25e6 The data




























Figure 5.3: The constitutive parameters of the sample under test (Frequency-
dependent case)
shown in Fig. 5.3 includes all the possible cases for constitutive parameters : DP
(double positive), ENG(Epsilon negative), MNG(Mu Negative), and DNG (double
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Negative). Therefore, by simulating these parameters, the accuracy of the method
will be verified for all types of metamaterials. The extracted parameters using full
wave simulation for the the data shown in Fig. 5.3 are shown in Figs. 5.4, 5.5,
and compared with the actual data. As shown in these figures, there is a strong
agreement between the extracted parameters and the actual data such that it is
hard to distinguish between them. In this simulation, the physical, and electrical
parameters of the strip line fixture (See Fig. 5.1) are chosen as follows: l=23 cm,
t=2 cm, h=11 mm, W=18 mm, the host dielectric is Rogers RT/duroid 5880 with
εd=2.2, and tanδ=0.0009.




















Figure 5.4: Extracted permittivity for the data shown in Fig. 5.3.
5.3.2 Results for Anisotropic Metamaterial and Fitting So-
lution
Usually metamaterial designs and applications involve anisotropy in the structure.
Therefore characterization of the anisotropic samples using the proposed method
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Figure 5.5: Extracted permeability for the data shown in Fig. 5.3.
has a practical importance. The equations used for extraction of permittivity and
permeability from S21 and S11 are derived by neglecting the effect of non-dominant
field components on the characteristic impedance and propagation constant. There-
fore, we expect some deviation between the extracted parameters and the actual
value of parameters when the sample is anisotropic. To present a quantitative study
on this deviation, we assume a sample with following tensors as the permittivity
and permeability:
ε = ε0




 1 0 00 µy 0
0 0 1
 (5.11)
First we assume a frequency-independent sample with constant values for εx =
εz, and µy. Figs. 5.6, and 5.7 illustrate the results of this simulation. In these
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figures, extracted values of constitutive parameters are plotted versus actual values
of these parameters. Fig. 5.6 shows the results for extracted permittivity εx,
and Fig. 5.7 shows the results of extracted permeability µy. In this simulation,
the physical, and electrical parameters of the strip line fixture are the same as
parameters used in the simulation of section 5.3.1.





















 Numerically Extracted Graph
 Fitted Graph (y=1.3x-0.67)
Figure 5.6: Results of simulation for anisotropic sample. Extracted permittivity is
plotted versus actual value of permittivity.
Using fitting curve tool in Matlab, we approximated the graphs of Fig. 5.6,
and 5.7 with polynomials. The fitted polynomials are shown in the same figures.
The formulas of the resultant polynomials are illustrated in ( 5.12), and ( 5.13).
µy = −0.0371µ2extracted + 1.8µextracted − 0.51, (5.12)
εx = 1.3εextracted − 0.67, (5.13)
We have performed a comprehensive numerical study to investigate the depen-
dence of the extracted parameters on different geometrical and electrical specifi-
cations of the designed strip line fixture. Our study shows that the results of the
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extracted µ and ε are independent of each other. In other words for a specific
value of permeability, by changing the permittivity the extracted value of µ dose
not change and vise versa. In addition our study shows that the results of the
extracted µ and ε are independent of the value of the consecutive parameters in
the propagation direction, µz, and εz. On the other hand they are dependent to
the value of the consecutive parameters of the cross section of the strip line fixture,
µx, and εy, and geometrical parameters of the strip line W , h,and t. However since
W , h, and t are designed properties, and µx = 1, and εy = εd, all of these param-
eters are known and can be included in the numerical simulation to extract fitting
formulas ( 5.12), and ( 5.13).
To verify the accuracy of the proposed fitting solution, we consider an anisotropic
sample with the consecutive parameters shown in Fig. 5.3. The parameters shown
in Fig. 5.3 are selected as µy, and εx = εz. The extracted results before and after
applying the fitting formulas are shown in Figs. 5.8- 5.11, and compared with
the actual data. As shown in these figures, after applying the fitting solution, the
extracted parameters have acceptable agreement with the actual data.
5.4 Measurement Results
To test the accuracy of the proposed method for extracting the permeability of
artificial magnetic materials, we consider the structure with fractal Hilbert3 inclu-
sions proposed and discussed in chapter 3. One unit cell of this structure is shown
in Fig. 5.12. The inclusion consists of a conducting trace having a width of w =
0.11 mm and separation between traces of s = 0.11 mm. This artificial media was
fabricated and measured using the strip line fixture method , and in this section,
we compare the measurement results with numerical simulation results.
Using printed circuit technology, a strip of 2 unit cells of the fractal Hilbert3
inclusions were fabricated on an Rogers RT/duroid 5880 substrate with εr = 2.2,
and tanδ = 0.0009 (See Fig. 5.13). A three-dimensional artificial substrate then
was fabricated by stacking 33 of these strips in the y direction. Due to the thickness
of the metal inclusions, and imperfection in the compressing procedure, an average
air gap of 50 µm develops between the strips in the stacking process. The air space
while unavoidable in the fabrication process is nevertheless measurable, so it can
be easily included in the design. The fabricated artificial substrate has dimensions
of 5.5, 4, and 1.1 cm in the y, z, and x directions, respectively. The strip line fixture
has the dimension of l=22 cm, t=4 cm, h=11 mm, W=18 mm.
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 Numerically Extracted Graph
 Fitted Graph 
(-0.0371x2+1.8x-0.51)
Figure 5.7: Results of simulation for anisotropic sample. Extracted permeability is
plotted versus actual value of permeability.
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Figure 5.8: Results of simulation for anisotropic sample. Real part of extracted
permeability before and after fitting is plotted and compared with the actual data.






















Figure 5.9: Results of simulation for anisotropic sample. Imaginary part of ex-
tracted permeability before and after fitting is plotted and compared with the
actual data.
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Figure 5.10: Results of simulation for anisotropic sample. Real part of extracted
permittivity before and after fitting is plotted and compared with the actual data.






















Figure 5.11: Results of simulation for anisotropic sample. Imaginary part of ex-
tracted permittivity before and after fitting is plotted and compared with the actual
data.
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Figure 5.12: Fractal Hilbert3 inclusion used for constructing artificial magnetic
material. lx = 8mm,∆y = 1.5mm,∆x = ∆z = 11mm
Figure 5.13: A single strip containing 2 unit cells of inclusions fabricated using
printed circuit board technology.
The fabricated fixtures used for characterization of the artificial substrate are
shown in Fig. 5.14 (a),(b). The fixture shown in Fig. 5.14 (a) is used to measure
the properties of the strip line without the artificial sample in between. These mea-
surements are used to determine the phase reference plane for the measurement
results of the fixture with artificial sample in between. For the quasi-TEM domi-
nant mode, the H and E fields in the substrate will be in the y and x directions,
respectively. Therefore this configuration can be used for retrieval of µy, and εx.
Using a vector network analyzer, the S-parameters of the fixture shown in





Figure 5.14: The fabricated strip line fixtures. a) without artificial sample. This
fixture is measured to be used as a reference b) with artificial sample in between.
As shown in Fig. 5.15, the fabricated strip line fixture has the insertion loss of
less than 0.1 dB, and return loss better than 20 dB when the artificial sample dose
not exist in between. Therefore the fabricated fixture should have the accuracy
needed to extract constitutive parameters of the artificial substrate. Fig. 5.16
shows the phase of the measured S21, along with the phase of a transmission line
with length 20 cm. These results show that the strip line without the sample can
be modeled as a transmission line with physical length of 20 cm. The actual length
of the strip line fixture without sample is 18 cm. The extra phase delay could be
provided by the coaxial N connectors. The phase shown in Fig. 5.16, will be used
as a reference to determine the phase reference plane for the measurement results
when the artificial sample exists.
Then, we have measured the S parameters of the fixture with the artificial
sample in between (see Fig. 5.14 (b)). The magnitude, and phase of the measured
S parameters are shown in Fig. 5.17, and Fig. 5.18 respectively.
Using the measured S parameters and the extraction method explained in sec-
tion 5.2, the constitutive parameters of the artificial sample is extracted and shown
in Fig. 5.19. The parameters shown in this figure, are the direct parameters ex-
tracted from measurement data without performing any fitting. In this extraction,
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Figure 5.15: Magnitude of the measured S parameters of the reference fixture (see
Fig. 5.14 (a))
the phase of the measured S21 of the reference fixture, (shown in Fig. 5.16) is
deducted from the phase of the measured S11, and S21 after inserting the artificial
sample(shown in Fig. 5.18). This deduction is done to eliminate the phase delay
due to the two transmission lines before and after the sample.
Then we have applied the fitting formulas shown in (5.12), and (5.13) to the
extracted parameters shown in Fig. 5.19, to compensate the effect of anisotropy.
The results are shown in Fig. 5.20, and Fig. 5.21.
In these figures, the measurement results are compared with the numerical sim-
ulation results. The numerical results are obtained using Ansoft HFSS10, and the
numerical setup explained in chapter 2. In the numerical setup, a unit cell of the
artificial material combined with periodic boundary conditions are used to mimic
an infinite slab of artificial materials. For numerically extraction of constitutive
parameters, plane wave analysis is used, and parameters are extracted from the
reflected and transmitted waves from the unit cell.The 50 µm air gap was also
included in the simulation.
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Figure 5.16: Phase of the measured S21 of the reference fixture (see Fig. 5.14 (a))
As shown in these figures, a good agreement is observed between the simulation
and measurement results. It should be noted that in the numerical analysis periodic
boundary conditions are used to mimic an infinite number of unit cells. However,
in practice we can realize only finite number of unit cells. For example in the
setup used here (see Fig. 5.13), the fabricated substrate contains 2 unit cells of
inclusions in the z direction, and only one unit cell in the x direction. It can be
predicted that increasing the number of unit cells provide higher homogeneity in
the fabricated substrate which will result in a better agreement between numerical
and measurement results.
Table 5.1 compares the accuracy of this method with several measurement
methods reported in literature. As shown in this table, the method proposed here
has the highest accuracy among the methods investigated in this table. In this
table, the percentile difference between the measurement results and the simulation
results are shown. ∆f is the percentile difference in the resonance frequency, and
∆a is the percentile difference in the magnitude of the extracted permeability at
the resonance frequency.
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Figure 5.17: Magnitude of the measured S parameters of the fixture with artificial
sample in between(see Fig. 5.14 (b))
5.5 Conclusion
A new method for metamaterial characterization was presented. The sample under
test is used as the substrate of a strip line structure and the permittivity and per-
meability of the sample is extracted from the measured S-parameters. The method
is cheap, easy to build and does not need too many samples for the operation. The
method and the extraction theory was verified numerically for isotropic single and
double negative materials.
The method was also applied to the anisotropic materials by employing a fitting
function generated by the numerical analysis. The fitting function compensates
for the anisotropy of the material. To validate the method experimentally, an
anisotropic sample is designed and fabricated. The strip line structure successfully
extracted the permittivity and permeability of the fabricated sample with a less
then 3% shift in the resonance frequency.
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Figure 5.18: Phase of the measured S parameters of the fixture with artificial
sample in between(see Fig. 5.14 (b))


































Figure 5.19: The Extracted constitutive parameters from measured S parameters.
No fitting is done in this figure.
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f = 3 % 
Figure 5.20: The Extracted measured permeability after fitting, using (5.12), is
compared with numerical simulation results.
































Figure 5.21: The Extracted measured permittivity after fitting, using (5.13), is
compared with numerical simulation results.
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One of the most important applications of artificial magnetic materials is imple-
menting miniaturized planar structures, specially miniaturized microstrip antennas
[1], [31], [64]––[68]. In this chapter, we investigate the performance of artificial
magnets for this application.
The organization of this chapter is as follows: First in section 6.2, the ad-
vantages of using magneto-dielectric materials for miniaturization over substrates
with high dielectric constant is explained through both analytical formulas and
numerical simulation. Then in section 6.3, a fast numerical setup is discussed to
use for simulation of miniaturized antennas with artificial magnetic materials as
substrate. In section 6.4, measurement results of a fabricated miniaturized patch
antenna using fractal Hilbert inclusions are reported, and compared with numeri-
cal simulation results. In section 6.5, a parametric study is done on the effect of
constitutive parameters of the artificial substrate on the specifications of the re-
sultant miniaturized antenna. In that section, the effect of the loss and dispersion
of the artificial substrate on the antenna parameters such as bandwidth, gain, and
efficiency is investigated. Finally, a summery and conclusion is presented in 6.6.
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6.2 Miniaturized Enhanced Bandwidth Antennas
Smaller physical size, wider bandwidth, and higher efficiency are the desirable pa-
rameters for antennas in wireless communications. Considering a patch antenna
as an example, the size of the patch, the same as most planar circuits, is propor-







where εr, and µr are the relative permittivity and permeability of the substrate
and K0 is the free space propagation constant. Therefore, by using high dielectric
material (a material with high permittivity, εr) miniaturization can simply achieved
by the factor of
√
εr. However, since the wave impedance, Z is proportional to the










In this case there will be a high impedance mismatch between the air and the
substrate. Due to this mismatch, as shown in [29], [99], [100], most of the energy
will be trapped in the substrate leading to narrow bandwidth and low efficiency.
To solve this problem, instead of using high dielectric material (only εr > 1), one
can use a substrate with magneto-dielectric material (both εr > 1, and µr > 1). In
this case, by choosing moderate values for εr, and µr , a high miniaturization factor
(
√
εrµr ) can be achieved while keeping the wave impedance close to that of air
leading to the less mismatch. In [32], for the first time, a probe fed patch antenna
placed over a magneto-dielectric material was investigated and using a transmission
line model, the parameters of the antenna were analytically calculated. It was
shown in [32] that the impedance bandwidth of a probe fed patch antenna over a












Therefore for a specific miniaturization factor,
√
εrµr , as the µr increases, the
bandwidth increases as well. To verify this idea numerically, we have designed a
miniaturized patch antenna using magneto-dielectric materials and compared with
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another miniaturized antenna using high dielectric substrate. The structure of
the antenna is shown in Fig. 6.1. To achieve an antenna with the size of λ/14,
a miniaturization factor equal to
√
εrµr = 7, is needed. For magneto-dielectric
case, a substrate with εr = µr = 7 is chosen, and for high permittivity dielectric
case a material with µr = 1 and εr = 49 is selected. The loss of the material is
chosen to be the same for both cases and is equal to tanδe = tanδm = 0.01. The
other parameters of the antenna shown in Fig. 6.1 are the same for both cases
and are equal to: a = b = 59.4mm, h = 5mm, X0 = 0, and Y0 = 23.7mm for
magnetic material case and Y0 = 21.7mm for high dielectric case. Different values
for parameter Y0 is chosen for two cases to achieve well-matched probe feeding
for both cases. The simulation results of these two antennas are illustrated and
compared in Fig. 6.2. This simulation is performed by using Ansoft HFSS.
Figure 6.1: The structure of the probe-fed patch antenna.
The simulation results in Fig. 6.2 shows that the antenna on magneto-dielectric
substrate has a bandwidth (S11 < −10dB) of 2.5%, while this value for the antenna
on high dielectric is only 0.28%. Therefore by using magneto-dielectric material,
for the same miniaturization factor, the bandwidth is increased by approximately
one order of magnitude. The numerical simulation results show an efficiency of
75% for the antenna on magneto-dielectric substrate and 40% for the antenna on
high dielectric substrate. Since all the dielectric and ohmic losses are assumed to
be the same for both cases, the difference in efficiency is related to wave impedance
mismatch in high dielectric substrate which does not exist in the magneto-dielectric
substrate. Therefore, based on the preliminary numerical analysis conducted here,
we conclude that using magneto-dielectric materials as substrate results in wider
bandwidth and higher efficiency.
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  Magneto-dielectric Material
  Dielectric Material
Figure 6.2: The return loss of the miniaturized antenna using magneto-dielectric
material (εr = µr = 7) is compared with the case of using dielectric with high
permittivity (εr = 49).
6.3 Numerical Analysis
Fig. 6.3, shows a patch antenna constructed over an artificial substrate. To nu-
merically simulate the structure of Fig. 6.3, due to the high aspect ratio between
the antenna and inclusion dimensions, huge numbers of meshes is needed leading to
a time consuming and practically inefficient simulation. Therefore, we have done
an alternative simulation in which the engineered substrate is substituted by a
homogeneous but anisotropic material with effective permittivity and permeabil-
ity extracted for engineered substrate using plane wave analysis. The alternative
structure is shown in Fig. 6.4.
In the next section, measurement results are used to investigate the accuracy
level of this simulation.
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Figure 6.3: Coaxial probe feed Patch Antenna radiating over an engineered sub-
strate.
Figure 6.4: The alternative choice for structure of Fig. 6.3, which is used for
simulation. The engineered material is modeled as a homogenous substrate with
effective parameters
6.4 Measurement Results
In this section a miniaturized patch antenna is designed, and fabricated to radiate
over the artificial structures containing 2nd order fractal Hilbert inclusions. The
same substrate fabricated for permeability extraction in chapter 4 (see Fig. 4.5),
79
is used for antenna implementation as well (see Fig. 6.5). This is one of the most
important advantages of the extraction method explained in chapter 4, in which no
sample preparation is required, and the same substrate used for implementation of
planar structures can be used for permeability extraction as well.
The miniaturized antenna is designed to operate at the frequency of 615 MHz.
According to the measurement results reported in section 4.3 (see Fig. 4.7), the
fabricated artificial substrate results in an effective permeability of µr = 3.2 , and
effective permittivity of εr = 9.58 at the frequency of 615 MHz. According to
these values for permittivity, and permeability a coaxial-fed square patch antenna
is designed, and fabricated to radiate over the artificial substrate. The fabricated
antenna, and its dimensions are shown in 6.5. According to these dimensions,
the size of antenna in the y direction is equal to b = 4.2cm which is 1/11.6 of the
wavelength at the resonance frequency of 615 MHz. Therefore a miniaturization
factor of 5.8 is achieved using artificial magnetic substrate. The ground plane is
designed to be big enough to avoid restriction of the gain due to the finite size of
the ground plane.
Figure 6.5: The fabricated miniaturized antenna, a=3.3 cm , b=4.2 cm , X0 =1.7
cm , Y0 =1.4 cm.
The measured return loss is shown in Fig. 6.6, and compared with the simula-
tion results using the method explained in section 6.3. As shown in this figure, a
strong agreement is observed between simulation and measurement results. There-
fore using a substrate with effective parameters instead of using the actual artificial
substrate in the numerical simulation is accurate enough for design purposes.
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Figure 6.6: The measured return loss of the miniaturized antenna.
According to the measurement results shown in Fig. 6.6, the miniaturized
antenna has a bandwidth (S11 < −10dB) of 2.11%, which is much wider when
compared to the pervious works [1],[64]–[68] done on miniaturized antennas using
artificial magnetic materials, e.g. reported bandwidth in [1] is 0.83 %.
The measured pattern is shown in Fig. 6.7. According to these results, the
miniaturized antenna has a gain of -3.4 dBi at the boresight with the front-to-back
ratio of 12.5 dB. The measured gain is comparable with the similar miniaturized
antennas in the pervious works [1],[64]–[68], e.g. reported boresight gain in [1] is
-3.9 dBi
6.5 Parametric Study
In this section, we perform a numerical study to investigate the effect of different
parameters of the artificial substrate on the antenna specifications. First the effect
of the loss of substrate on the gain and efficiency of the antenna, and then the effect



























Figure 6.7: The measured Pattern of the miniaturized antenna is compared with
simulation results.
6.5.1 Lossy Substrate
When artificial magnetic substrates are designed to provide effective permeability
higher than one, the resultant permeability would be a complex number with both
real and imaginary parts. The imaginary part of the effective permeability will
results in magnetic loss tangent. In this section, we investigate how this magnetic
loss affects the gain and efficiency of the miniaturized antenna designed to radiate
over the artificial substrate.
Figs. 6.8, 6.9 show the gain, and efficiency of a coaxial-fed patch antenna
versus magnetic loss tangent of the artificial substrate. The results illustrated in
these figures are numerical results achieved from simulation of a patch antenna
radiating over a magnetic substrate with εr = 9.6 , µr = 3.3 , and thickness of
h = 11mm(see Fig. 6.4). Dielectric loss tangent of the substrate is assumed to
be zero to avoid the interference of both losses in the resultant gain and efficiency.
The size of the patch antenna in this simulation is 4.7 x 3.3 cm. The results are
generated using Ansoft HFSS 10 software.
82
















Figure 6.8: The Gain of the miniaturized antenna versus magnetic loss tangent
(numerical results).
According to the results shown in Figs. 6.8, and 6.9, if tanδ < 0.04 , the gain
will be more than 0dB, and efficiency will be more than 40%.
6.5.2 Dispersive Substrate
As observed in previous chapters, the resultant permeability of artificial structures
varies by frequency thus resulting in a dispersive medium. This variations can affect
the frequency bandwidth of the planar antennas radiating over these substrate. In
this section, we investigate the effect of dispersion over the antenna bandwidth.
To get a feeling that how this dispersion affects the bandwidth, we compare
the response of an antenna radiating over an artificial substrate containing spiral
inclusions with the case of using a magnetic material with frequency independent
parameters as the substrate. The result of this simulation is shown in Fig. 6.10 .
The artificial substrate in this simulation, has the response shown in Fig. 2.20, and
the frequency-independent material is chosen to have permeability and permittivity






















Figure 6.9: The Efficiency of the miniaturized antenna versus magnetic loss tangent
(numerical results).
εr = 12.4, magnetictanδ = 0.014. The miniaturized antenna is a square patch with
width of 12.7cm (λ/12 at the resonance frequency) for both cases of dispersion free
material and artificial magnetic material.
As shown in Fig. 6.10, the miniaturized antenna over the dispersion-free mag-
netic material has a bandwidth (S11 < −10dB) of 7.5% , while the bandwidth of
the miniaturized antenna over the artificial magnetic materials is limited to 1%.
The same bandwidth limitation is reported in [1] for the same artificial magnetic
material using measurement results. Therefore, highly dispersive artificial magnetic
materials can reduce the antenna bandwidth dramatically.
To investigate more about the effect of dispersion on the antenna bandwidth,
we simulate an antenna with the permeability of substrate as lines show in Fig.
6.11. The other physical, and electrical properties of the antenna is as the same as
properties used for simulation of Fig. 6.10. The slope of the lines in Fig. 6.11
illustrates the dispersion of the substrate. As the line slope increases, the dispersion
of the substrate increases. The results of these simulations is shown in Fig. 6.12.
According to these results, the bandwidth of the antenna (S11 < −10dB) de-
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  Dispersion free substrte 
 Engineered magnetic material with split spirals
Figure 6.10: The simulation results of an antenna with dispersive substrate is
compared with the case of using dispersion-free substrate.
creases as the dispersion of the substrate increases. The results of Fig. 6.12 shows
that bandwidth reduces from 7.5% for the non-dispersive substrate (Disp1 in Fig.
6.12)to 1.05% for the substrate with dispersion of 0.24 per MHz (Disp6 in Fig.
6.12).
6.6 Conclusion
The performance of the artificial magnetic materials for the application of the minia-
turized antenna was investigated. In this investigation, a fast numerical setup was
used in which the artificial substrate was substituted with a homogenous substrate
with effective constitutive parameters of the artificial structure. The accuracy of
the simulation setup was validated through comparison with measurement results.
In the measurement results, a miniaturized patch antenna was fabricated to ra-
diate over the artificial substrate of the 2nd order fractal Hilbert inclusions. It was
shown that using Hilbert inclusions, a miniaturized factor of 5.8 can be achieved
for patch antennas. The return loss, and the radiation pattern of the miniatur-
ized antenna were measured, and reported. Measurement results exhibit 2.11 %
bandwidth and -3.4 dBi gain for the miniaturized antenna. Using the mentioned
simulation setup, a parametric study was done on the effect of constitutive param-
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Figure 6.11: Real part of permeability with different dispersion. The dispersion
varies as the slope of the line varies.





















Figure 6.12: The return loss of the miniaturized antenna on substrates with per-
meability shown in Fig. 6.11.
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eters of the artificial substrate on the specifications of the resultant miniaturized
antenna. In that study, the effect of the magnetic loss tangent on the gain and effi-
ciency of the antenna, and also the effect of the dispersion of the substrate on the
bandwidth of the antenna were investigated. The results of this study shows that
to achieve a miniaturized antenna with the gain more than 0dB, and efficiency more
than 40%, magnetic loss tangent of the substrate should be less than tanδ < 0.04
. Furthermore, this study shows that the bandwidth of antenna is reduced from




Artificial Magnetic Materials with
Multi-Resonator Unit Cells
7.1 Introduction
In this chapter,the multi-resonator structures are proposed as building blocks for
artificial magnetic materials. The idea of multi-resonator structures is to use several
metallic inclusions with different dimensions in a unit cell. The metallic inclusions
are designed to have different resonance frequencies. These resonances can be
adjusted either far away from each other, to provide multi-band artificial structures,
or very close to each other to provide wide band artificial materials.
The organization of this chapter is as follows: First in section 7.2, the idea
of multi-resonator structures are introduced, and investigated through numerical
full wave simulation. Then in section 7.3, circuit models are proposed to model
multi-resonator structures. Section 7.4, optimizes the multi-resonator to increase
the frequency bandwidth in which the artificial structure illustrates magnetic prop-
erties. This optimization is done using first circuit models, and then space mapping
technique [101]–[108]which connects circuit models to numerical full wave results.
Finally, a summery and conclusion is presented in 7.6.
7.2 Unit Cells with Multiple Inclusions
Fig. 7.1 illustrates a unit cell with two inclusions. Inclusions are circular SRRs
with different dimensions resulting in two distinguished resonance frequencies. In
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this section, using full wave simulation, we investigate the resultant permeability of
this unit cell, and compare the results with the resultant permeability of each inclu-






Figure 7.1: A unit cell with two inclusions.
permeability of the configuration shown in Fig. 7.1 is extracted, and illustrated in
Figs. 7.2, 7.3. In this Figures, the resultant permeability of multiple inclusions, is
compared with the resultant permeability of each inclusion when another one dose
not exist. The geometric, and electrical specifications used in this simulation are as
follows:R1 = R2 = 2.6mm,S1 = S2 = 0.2mm,W1 = 0.3mm,W2 = 0.7mm, tanδ =
0.01, εr = 2.43,∆y = 4mm,∆x = 14mm,∆z = 7mm
As shown in Figs. 7.2, 7.3 , when two inclusions are used in the unit cell,
two resonance frequencies are observed in the resultant permeability. Furthermore,
the results of these figures show that the resonance frequencies of combination of
two inclusions are very close to resonance frequencies of each resonator. The small
shift between resonance frequencies can be due to the electric coupling between res-
onators, which is caused by finite value of d. It is expected that by incensement of d,
this coupling effect, and the resultant frequency shift will be decreased. According
to these results, by using multiple inclusions in one unit cell, the electromagnetic
properties of the structure can be extended to multiple frequency bands. This can
extend the use of these materials for multi-band applications.
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Figure 7.2: Real part of resultant permeability of configuration of Fig. 7.1 is
compared with that of each resonator when the other one dose not exist.
7.3 Developing Analytical Formulas for Multi-
Resonator Configurations
Considering the configuration of Fig. 7.1, the magnetic flux produced by one
resonator dose not cross another one, so they don’t have magnetic coupling, and
the space between resonators d can be designed such that the electric coupling
will be negligible. Since the resonators have small coupling with each other, their











































Figure 7.3: Imaginary part of resultant permeability of configuration of Fig. 7.1 is
compared with that of each resonator when the other one dose not exist.
In ( 7.1) and ( 7.2), effective indexes are omitted for brevity. Magnetic polar-






















, i = 1, 2 (7.5)
The results in ( 7.4) can be easily extended to the case of multi-resonator struc-
tures with more than two resonators:
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Where n is the number of resonators in the unit cell. The results in ( 7.6), can
be illustrated as the output of a circuit model. Fig. 7.4 illustrates this circuit for
a unit cell with four resonators.
Figure 7.4: Circuit model for a unit cell with four resonators.
Fig. 7.5 shows analytical, and simulation results for the structure of Fig. 7.1.
The considerable difference between analytical and simulation results, can be due
to the coupling effect between two resonators which is not modeled in the circuit
model.
7.4 Optimized Multi-Resonator Configurations
In this section, we try to optimize multi-resonator configurations for a desirable
permeability response. In this optimization, by adjusting the resonance frequencies
very close to each other, we try to provide wide band artificial materials. This idea
is similar to combining narrow band filters to develop a filter with wider bandwidth
in filter design [109]. In the following subsections, we investigate this idea first
analytically and then numerically. The idea is applied to both fractal inclusions,
and SRR inclusions.
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Figure 7.5: Numerical, and analytical results for the structure of Fig. 7.1.
7.4.1 Analytically Optimized Unit Cell with 4 Fractal In-
clusions
In this optimization, the configuration of 3rd order Hilbert is chosen for each res-
onator (see Fig. 7.6). The lz ,W ,and s, (the dimension of the inclusion in the z
direction, width of metal strips, and space between them) for each resonator are
selected as optimization variables. In this optimization, we use the circuit model
shown in Fig. 7.4, and genetic algorithm. The circuit parameters , Ri, Ci, Li, Gi
are calculated using equations presented in chapter 3 for fractal inclusions ( 3.3)-
( 3.8). The goal is defined to have permeability with real part equal to 4 ± 2.5%
over frequency range of 410 - 470 MHz.
The optimal value for optimization variables are shown in Table 7.1, and the
other parameters in this design are as follows: ∆y = 3.028mm,∆x = ∆z =
20mm, εr = 3.38, tanδ = 0.0027. The optimization process took 50,000 iterations.
The resulted permeability for optimized inclusion is shown in Fig. 7.7. As shown
in this figure, a permeability of 3.8± 5% for the frequency range of 430 - 470 MHz
is achieved for the optimized multi-resonator configuration, which is highly flat
comparing to single resonator structures.
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Figure 7.6: A unit cell with 4, 3rd order fractal Hilbert inclusions.
7.4.2 Analytically Optimized Unit Cell with 4 SRR Inclu-
sions
To verify the idea for different type of inclusions, and different frequency band , here
we do optimization for SRR inclusions operating at the frequency of 4 GHz. Fig.
7.8 illustrates the configuration. The R ,W ,and S, (the radius of the SRR circle,
width of metal strips, and space between them) for each resonator are selected as
optimization variables. In this optimization, we again use the circuit model shown
in Fig. 7.4, and genetic algorithm. The circuit parameters , Ri, Ci, Li, Gi are
calculated using equations presented in section 2.5.3. The goal is defined to have
permeability with real part equal to 4±2.5% over frequency range of 3.8 - 4.2 GHz.
The optimal values for optimization variables are shown in Table 7.1, and
the other parameters in this design are as follows: ∆y = 4.7mm,∆x = ∆z =
14.84mm, εr = 2.43, tanδ = 0.01. The optimization process took 100,000 iterations.
The resulted permeability for optimized inclusion is shown in Fig. 7.9. In this
figure, analytical results are compared with numerical full wave results. In the full
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W1 = S1(µm) 200
lz2(mm) 7.9
W2 = S2(µm) 200
lz3 8.2
W3 = S3(µm) 76
lz4(mm) 8
W4 = S4(µm) 110






















Figure 7.7: Resultant permeability of the optimized inclusion containing 4 inclu-
sions with 3rd order fractal Hilbert configuration.
wave numerical analysis, the setup explained in chapter 2, and Ansoft HFSS 10,
are used.
According to the analytical results shown in Fig. 7.9, a permeability of 4.2±7%
for the frequency range of 3.9 - 4.08 GHz is achievable for the optimized multi-
resonator configuration. However, the full wave numerical response of the analyti-
cally optimized designs have considerable deviation from desirable response. This
can be due to the sensitivity of the optimized design, in which a little bit deviation
95
Figure 7.8: Circuit model for a unit cell with four resonators.
between the simulation and analytical results of one resonator distort the total re-
sponse of the 4 resonators. In the next section, we try to address this challenge
using Space mapping techniques [101]–[108].
7.5 Full Wave Optimization using Implicit Space
Mapping
As observed in the previous section, the full wave numerical response of the ana-
lytically optimized designs have a considerable deviation from desirable response.
However; it is impractical to do optimization directly in full wave analysis, because
the full wave numerical analysis takes more than 5 hours for just one analysis, and
more than 50,000 iterations are needed to get the final optimized results. There-
fore, we use Space mapping technique to relate between analytical and numerical
results.
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Figure 7.9: Permeability of the optimized inclusion containing 4 SRR. The analyt-
ical result is compared with numerical result.
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Space Mapping (SM) is a optimization technique, in which a mapping is gen-
erated between two spaces [101]–[108]. One space is the optimization parameters
in the analytical model, and another is optimization parameters in the full wave
numerical analysis. The mapping corresponds a set of optimization parameters in
analytical model, to another set of parameters in full wave analysis, such that the
analytical results of the former set, will be equal to the numerical results of the
later one.
Following the original concept of Space mapping introduced in 1993 by Bandler
[101], lots of developments and updates are generated and reported in literature to
accelerate the efficiency of the method such as: linear space mapping, aggressive
space mapping [102],[103], trust regions method [108], utilization of artificial neural
networks in space mapping [106], surrogate model [107], and implicit space mapping
using preassigned parameters [104].
For the problem of optimization of multi-resonator structure, we tried linear
space mapping, and aggressive space mapping [102],[103], without getting a desir-
able response. After investigating about different methods, and useful discussions
with Dr. Bakr, and Dr. Bandler (the founder of Space Mapping method), we
decided to use the implicit space mapping using preassigned parameters [104]. Ac-
cording to the nature of our problem, and the level of difference between analytical,
and full wave results for one resonator, it seems that the implicit space mapping is
the most promising technique among the all space mapping approaches. The de-
tails of this method is explained in [104]. In the following, we present the process,
and results of applying implicit space mapping technique for our problem.
7.5.1 Problem Definition
A unit cell of the structure used for optimization is shown in Fig. 7.10. As shown
in this figure, the unit cell contains 4 square SRR. The optimization variables are
selected to be li,Wi, andSi, i = 1 : 4, which are the length, width of strip, and space
between the strips for each resonator. Therefore, 12 optimization variables are
defined in this problem. The unit cell dimensions are selected as fixed parameters,
as follows: ∆y = 4mm,∆x = 14mm,∆z = 14mm.
As explained in [104], in the implicit space mapping, some of the electrical
and/or geometrical parameters are selected as preassigned parameters. These pa-
rameters are defined as tunable variables in the coarse model, while they are fixed
in the fine model. The preassigned parameters are used to adjust the coarse model
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Figure 7.10: A unit cell of the structure used for implicit space mapping optimiza-
tion.
response to the fine model response, and are updated in each iteration. Please see
[104], for more details on preassigned parameters. In this problem, the relative
permittivity and the loss tangent of the host substrate are selected as preassigned
parameters. In the fine model, these parameters are fixed as εr = 2.2, tanδ = 0.009
which are the specifications of the Rogers RT/duroid 5880, material. However, in
the coarse model, we assume that these parameters have different values for each res-
onator. Therefore, we have 8 preassigned parameters as follows: εri , tanδi, i = 1 : 4.
The relative permittivity, εri , is used to adjust the resonance frequency, and tanδi
is used to adjust the magnitude of the resultant permeability. The goal of opti-
mization is defined to have the permeability of 4 ± 2.5% over the frequency range
of 3.2 - 3.6 GHz.
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7.5.2 Optimization Results
Following the steps of optimization process as explained in [104], here the optimiza-
tion results are presented. In the optimization process, for the coarse model, we use
the circuit model shown in Fig. 7.4, and full wave numerical analysis as explained
in chapter 2 is used as the fine model. In the full wave analysis, Ansoft HFSS 10,
is used. In each iteration, as explained in [104], first the coarse model is optimized
using genetic algorithm, and Agillent ADS software, then the optimal values are
applied to full wave numerical analysis. The results of full wave analysis, and pre-
assigned parameters are then used to adjust the circuit model, to have the same
response as the full wave analysis. The updated circuit model is then optimized in
the next iteration.
The results of this optimization, are presented in the following tables, and fig-
ures. Table 7.3, illustrates the optimal values of the optimization variables in each
iteration, and Table 7.4 illustrates the values of the preassigned parameters in each
iteration.
Table 7.3: Table of optimization variables in each iteration.
Itera-
tion
l1 W1 S1 l2 W2 S2 l3 W3 S3 l4 W4 S4
mm µm µm mm µm µm mm µm µm mm µm µm
1 5.82 413 525 5.32 59 173 5.14 59 103 5.62 173 462
2 6.14 83 472 5.04 98 410 4.64 168 205 5.78 163 537
3 5.8 579 366 5.18 177 490 5.32 77 298 5.20 209 498
... ... ... ... ... ... ... ... ... ... ... ... ...
6 5.54 180 396 5.36 175 482 4.32 345 69 5.72 256 490
Table 7.4: Table of preassigned parameters in each iteration.
Itera-
tion
εr1 tanδ1 εr2 tanδ2 εr3 tanδ3 εr4 tanδ4
1 2.39 0.013 2.39 0.013 2.39 0.013 2.39 0.013
2 2.15 0.012 3.61 0.001 3.67 0.1 2.74 0.072
3 2.39 0.057 3.51 0.001 4.76 0.038 3.33 0.038
... ... ... ... ... ... ... ... ...
6 2.44 0.016 3.11 0.014 3.66 0.053 2.61 0.046
Figs. 7.11- 7.14 illustrate the optimized analytical (coarse model) and numerical
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(fine model) responses at each iteration. The results of iterations 1-3, and iteration
6 which has the best achieved numerical response is shown in these figures. As
shown in these figures, even the best achieved response has a considerable deviation
from the desirable response. This deviation illustrates the limitation of the implicit
space mapping method to work for this problem. Recently a new method has been
reported in [105] that use tolerant Cauchy approximations to do space mapping-
based optimization. Since in the mentioned method, Cauchy approximations are
used to model the behavior of the numerical results, that method seems more
promising for this problem. Applying Cauchy method to get better results can be
considered as future work.




























Figure 7.11: The optimization results at the iteration 1.
7.6 Conclusion
The idea of using multi-resonator structures as building blocks for artificial mag-
netic materials was introduced and investigated both analytically, and numerically.
Numerical results show that by combining multiple inclusions with differen sizes in
a unit cell, the magnetic properties of metamaterals can be extended to multiple
frequency bands. circuit models were proposed to model multi-resonator struc-
tures, and verified through numerical full wave analysis. Using the circuit models,
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Figure 7.12: The optimization results at the iteration 2.


























Figure 7.13: The optimization results at the iteration 3.
and implicit space mapping technique, multi-resonator structures were optimized
to have a desirable response over a wide range of frequencies.
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8.1 Summary and Thesis Contribution
In this thesis, several advances to the existing knowledge on the artificial magnetic
materials have been developed, and presented including introducing of a new ap-
plication, developing new structures for realization of these materials, developing
two new methods for experimentally characterization, and parametric study of the
performance of the miniaturized antenna using these materials as substrate.
As a new promising application, wide band artificial magnetic ground planes
for the application of ultra-wide band low profile antennas, were introduced and
investigated. Using a simple circuit model for mushroom-type EBG structures, it
was shown that using magneto-dielectric materials as substrate can increase the
in-phase reflection bandwidth of electromagnetic band gap (EBG) structures. To
show this, a compact wideband EBG structure was designed and simulated. The
numerical results show that this EBG has an in-phase reflection bandwidth of 70%
which is several times greater than a conventional EBG resonating at the same
frequency. Additionally, the new EBG surface has a smaller cell size, an important
feature in the design of small antennas. As a demonstration of the effectiveness
of the new structure, a low-profile unidirectional spiral antenna was designed to
operate from 8 to 18 GHz. The improvement in the voltage standing wave ratio
(VSWR) and gain of this antenna was presented while comparison was made to the
case when using conventional EBG surface.
Novel configurations based on fractal Hilbert curves were proposed for realizing
artificial magnetic materials. It was shown that the proposed configuration gives
significant rise to miniaturization of artificial unit cells which in turn results in
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higher homogeneity in the material, and reduction in the profile of the artificial
substrate. Analytical formulas were proposed for design and optimization of the
presented structures, and were verified through full wave numerical characteriza-
tion. The electromagnetic properties of the proposed structures were studied in
detail and compared to the square spiral from the point of view of size reduction,
maximum value of the resultant permeability, magnetic loss, and frequency disper-
sion. To validate the analytical model and the numerical simulation results, an
artificial substrate containing second-order fractal Hilbert curve was fabricated and
experimentally characterized. The fabricated artificial substrate was used as the
substrate of a miniaturized antenna. The miniaturized antenna was measured, and
reported. A miniaturization factor of 5.8 was achieved using the artificial substrate
with fractal Hilbert inclusions. Measurement results of the miniaturized antenna,
show a impedance bandwidth (S11 < −10dB) of 2.11%, the gain of -3.4 dBi at the
boresight with the front-to-back ratio of 12.5 dB.
A New method was proposed to measure the effective constitutive parameters
of artificial magnetic materials. The method was based on the microstrip line
topology, thus making it easy to retrieve the constitutive parameters over a wide
band of frequencies. The primary advantage of this method, when compared with
previous methods, is its lower cost (in comparison to the free space or the waveguide
methods) and its capability of extracting the permeability over a wide band of
frequencies (in comparison to the resonator method). However, the method works
only over the frequency range in which the permeability is positive. To demonstrate
the effectiveness of this method, artificial magnetic materials with 2nd order fractal
Hilbert inclusions were fabricated and characterized. Good agreement between
the experimental and numerical simulation results validates the accuracy of the
proposed method.
Another new experimental method based on strip line topology, was proposed
for characterization of the effective constitutive parameters of metamaterials. This
method has the same advantages of the microstrip line method over pervious meth-
ods, and also it works for all values of permittivity, and permeability. Therefore;
this method is able to characterize all the 4 groups of metamaterials. Numerical
simulation was done to express the effectiveness of the method for different types
of metamaterials. Using numerical results, the effect of anisotropy on the accuracy
of the results was investigated, and a fitting solution was proposed, and verified.
The method was used to characterize artificial magnetic materials with 3rd order
fractal Hilbert inclusions. Good agreement was obtained between the experimental
results and numerical simulation results.
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The use of artificial magnetic materials in the application of miniaturized an-
tennas, was studied. A fast numerical simulation setup was proposed, and verified
through measurement results. Using the numerical simulation, a parametric study
was performed on the effect of constitutive parameters of the artificial material on
the antenna specifications. In this study, the effect of the loss of the substrate over
the gain, and efficiency of the antenna, and also the effect of the dispersion in the
substrate over the antenna bandwidth were investigated.
The concept of using multiple inclusions in one unit cell was introduced, and
investigated numerically. A circuit model was proposed for design, and optimization
of a unit cell with multiple inclusions. Unit cells with four fractal inclusions, as
well as four SRR inclusions were designed, and optimized to express a wide band
flat permeability response. The analytically optimized unit cells, were analyzed
numerically. Implicit Space mapping was used to make a link between optimal
values in analytical optimization, and designs suitable for full wave analysis.
In summary, in this thesis the following contributions were achieved in the area
of developing artificial magnetic materials:
• Introduced new application for magnetic materials: Low Profile Ultra Wide
Band Antennas using EBG Structures with Magneto-Dielectric Materials.
• Introduced new structures for realization of artificial magnetic materials using
fractal Hilbert curves, to provide miniaturization for these materials.
• Introduced new measurement method based on microstrip line fixture for
characterization of artificial magnetic materials, which is less expensive, eas-
ier to fabricate, and needs smaller sample when compared to the previous
measurement methods.
• Introduced new measurement method based on strip line line fixture for char-
acterization of all kind of metamaterials, which has all the advantages of the
microstrip method over the pervious methods, and furthermore it can be used
for characterization of all four groups of metamaterials.
• Presented parametric study on the effect of the constitutive parameters of the
artificial substrate on the specification of the miniaturized antennas.
• Introduced new unit cells with multiple inclusions for realization of multi-




Followings are some possible directions for the further research work:
• Parametric study on the application of developing wide band arti-
ficial ground planes:
In this work, the magnetic material used in the application of developing wide
band EBG was assumed to have a constant permeability. A possible research
could be to study how dispersion and loss of the substrate could affect the
in-phase reflection bandwidth of the resulted artificial magnetic ground plane.
• Developing accurate analytical models for predication of the resul-
tant permittivity of artificial magnetic materials:
Since artificial magnetic materials are designed to provide desirable perme-
ability results, all the pervious works including this work are focused on the
analysis, and modeling of the resultant permeability. However, it was shown
in the literature, and also in this work that the metallic inclusions change
the resultant permittivity of the medium as well. The resultant permittivity
can be extracted using the simulation setup, and measurement methods ex-
plained in this work. However, it can’t be calculated using analytical models.
It looks interesting, to derive accurate formulas or circuit models to calculate
the resultant permittivity.
• Developing general formulas in terms of geometric properties to
compensate for the anisotropy effect in the proposed measurement
method using strip line fixture:
In Chapter 5, where a new measurement method was proposed to charac-
terize metamaterials, two formulas were derived to compensate the affect of
anisotropy. The compensating formulas were derived for specific geometrical
properties such as the height of the substrate, and the width of the strip line,
used in this work. The process for derivation of these formulas are explained
in the thesis clearly, and can be repeated for any other strip line fixture
with different geometrical parameters. However, it can be considered as a
future research work, to repeat this process for different values of geometri-
cal parameters, and derive analytical formulas in terms of these geometrical
parameters.
• Applying space mapping-based optimization exploiting Cauchy ap-
proximations technique for optimization of the unit cell with mul-
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tiple inclusions:
In Chapter 7, implicit space mapping technique was used for optimization
of multi-resonator unit cells to achieve a flat response for permeability over
a specific frequency band. However the results of optimization had a con-
siderable deviation from the optimization goal. As a future research work,
the recently proposed method, space mapping-based optimization exploiting
tolerant Cauchy approximations [105], can be used to optimize the multi-
resonator structures. Since Cauchy approximations are used in this method
to model the behavior of the numerical results, the method tends to be promis-
ing for the problem of multi-resonator unit cells.
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